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Abstract 

 

Continuous scaling of complementary metal oxide semiconductor (CMOS) devices has 

led to constant increase in device performance. However, as scaling becomes more 

difficult with every technological node, alternative channel materials that could replace 

silicon (Si) are being investigated [1]. Germanium (Ge) is an attractive material because 

of its four times higher hole mobility and twice higher electron mobility compared to 

silicon [2]. Nevertheless, Ge suffers from surface passivation issues that need further 

investigation. 

A modification of oxidation through a barrier layer method proposed by Takagi group 

[3] has been employed for the fabrication of MOS capacitors. Ozone oxidation has been 

performed in-situ in atomic layer deposition (ALD) chamber using Al2O3 layer as a 

barrier. Combinations of barrier thickness and ozone generator power have been 

investigated together with the influence of the oxidation time. Electrical characterization 

has revealed that the Ge/oxide interface is improved while employing high ozone 

generator power oxidation through a thin (~0.47 nm) barrier as well as prolonged 

oxidation times up to 15 min. Interface state density has been suppressed to low- to mid-

1012 cm-2eV-1. 

  



 

Abstrakt 

Kontinuerlig skalning av komplementär MOS teknologi (CMOS), har lett till konstant 

förbättrad prestanda hos integrerade CMOS-kretsar. Fortsatt nerskalning möter dock 

större hinder för varje teknologinod och forskare undersöker alternativa material till 

kisel (Si) [1]. Germanium (Ge) är ett attraktivt material eftersom hålmobiliteten är fyra 

gånger och elektron mobilitet två gånger högre än hos kisel [2]. En utmaning med att 

bygga CMOOS pp Ge är att det är svårt att passivera Ge. I denna avhandling undersöks 

en modifikation på metoden att oxidera genom ett barriärlager som föreslagits av 

gruppen som leds av Takagi [3]. Ozon oxidering har utförts in-situ i en atmoic layer 

deposition (ALD) kammare där Al2O3 användes som ett barriär lager och MOS 

kondensatorer har tillverkats och karakteriserats. Kombinationer av barriär tjocklek och 

ozongeneratoreffekt har undersökts tillsammans med influensen av oxideringstid. 

Karakterisering av elektriska egenskaper har visat att gränsytan mellan germanium och 

oxid förbättras då en hög ozongeneratoreffekt används för att oxidera genom en tunn 

(~0.47 nm) barriär och genom att använda en förlängd oxideringstid upp till 15 min. 

Defektdensiteten (Dit) vid gränssnittet till Ge sjönk med oxideringstiden och som lägst 

uppmättes till ~3·1012 cm-2eV-1.  
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1 Introduction  

The vast majority of MOSFETs fabricated nowadays are based on silicon (Si) because of 

the efficient and well-developed fabrication techniques, as well as the excellent quality 

of the native SiO2 which resulted in realizing the continuous scaling. However, to 

achieve the constant increase in device performance scaling is not enough [1]. Therefore, 

mobility enhancement techniques such as strain have been used in Si devices to enable a 

high-speed operation. Moreover, as scaling continued, the gate dielectric thickness 

became as thin as 1 nm which enabled quantum mechanical tunneling of electrons 

causing an unacceptably high gate current density [1], [4]. Consequently, it became 

necessary to replace SiO2 in order to increase the gate capacitance further while 

maintaining higher physical thickness of the gate insulator. Therefore, the industry 

turned to high-κ dielectrics, particularly Hf based ones such as HfO2 [4], [5]. These 

advancements have enabled the continuous scaling for a while; however, as they have 

their limitations, the industry is looking for an alternative channel material for further 

MOSFET development. 

For the past years germanium has been investigated because of its superior bulk 

mobility for both electrons (3900 cm2/V∙s) and holes (1900 cm2/V∙s) over Si (electron 

and hole bulk mobility is 1500 cm2/V∙s and 450 cm2/V∙s respectively) [2]. However, it is 

very difficult to achieve high mobility in practice due to the obstacles in passivating the 

Ge surface. The conventional passivation method analogous to Si technology would be 

thermal or chemical oxidation of Ge surface. However, GeO2, as opposed to SiO2, 

exhibits poor thermal and mechanical stability, since it is soluble in water [1], [6] and 

GeO formed by a reaction at the Ge/GeO2 interface becomes volatile and desorbs at 

~400°C [1], [6], [7]. Even though it is theoretically possible to achieve a high quality 

Ge/GeO2 interface with low interface state density Dit [7], in practice it is much more 

difficult and a low Dit, while passivating the Ge surface with thermal oxidation, was only 

achieved for high equivalent oxide thickness (EOT) [8], [9]. Therefore, surface 

passivation techniques such as Si-cap process [10] or germanate formation [11] have 

been employed to achieve a low EOT as well as high interface quality. However, the most 

promising surface passivation method employs a GeO2 interfacial layer in a different 
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approach. This method is based on introducing a thin Al2O3 barrier layer that allows a 

controlled oxidation of the Ge surface by protecting the unstable GeO2 [3]. The devices 

manufactured by this approach exhibit good mobility for both nFETs and pFETs as well 

as high interface quality at scaled EOTs. Although good results were achieved, more 

research needs to be conducted for Ge MOSFETs to match the properties of the Si 

devices as well as meet the device specifications set by the International Technology 

Roadmap for Semiconductors (ITRS), which include the equivalent oxide thickness of 

0.7 nm by the year 2016 [12]. 

This work deals with fabrication and electrical characterization of Ge/high-κ MOS 

capacitors that employ a GeO2 surface passivation layer grown by in-situ Ge ozone 

oxidation through Al2O3 barrier. Various oxidation parameters are investigated in their 

relationship with obtaining interface state free germanium MOS devices. 
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2 Background to Ge/high-κ MOS technology 

Germanium is a promising alternative channel material for MOS devices [1]. The 

following sections describe the features that make germanium superior to other 

materials including silicon. The main parameters that are considered when 

characterizing MOSFET performance are shortly described first. Then the limitations of 

silicon are reviewed followed by the motivation of choosing germanium as an alternative 

channel material. The chapter is concluded by describing surface passivation issues of 

germanium substrate and possible solutions. 

 

2.1 MOSFETs: main parameters 

 

There are a few main parameters that define a MOSFET in terms of its performance. 

Particularly it is very important to have a high on-current     and a low off-current     . A 

high on-current is desirable for increasing the circuit speed while a low off-current or 

low leakage reduces the stand-by power consumption. Therefore, a good figure of merit 

is the ratio         . Moreover, to compare different gate dielectrics another figure of 

merit called equivalent oxide thickness (EOT) is introduced. In the following sections 

these parameters will be discussed more extensively. The full derivations of the 

parameters described can be found in [13]. 

 

2.1.1 On current 

 

The MOSFET on-current is defined as a drain current measured when the gate voltage 

    and the drain voltage     are biased to the power supply voltage    . The drain 

current in linear and saturation regions can be described with the following equations: 

         
 

 
(      )    (2.1) 

           
 

 

(      )
 

  
 (2.2) 
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Here   is the effective mobility,     is the oxide capacitance in accumulation,   and   

are width and length of a MOSFET,    ,     and    are gate, drain and threshold currents 

and     
   

   
 is a parameter with     presenting the depletion capacitance. Typical 

        characteristics are depicted in Figure 2.1. 

The switching delay in a MOS inverter consisting of a p-MOSFET and an n-MOSFET 

that have the same on-currents               is defined as: 

   
     

 
 

 

 
(
    

     
 

    

     
)  

    

    
 (2.3) 

Here    and    are switching delays,      and      are on-currents for p-MOSFET and n-

MOSFET respectively and   is the capacitance of the inverter. Therefore, the circuit 

speed can be increased by improving the on-current. Moreover, reducing the power 

supply voltage can also decrease the switching delay. Thus MOS devices fabricated by 

alternative materials that can employ smaller voltages would improve the circuit speed. 

 

 

Figure 2.1. Typical drain current vs. drain voltage characteristics (solid line) [13]. 

Usually the drain current is increased with every technological node by scaling the 

physical device parameters, namely the width, the length and the oxide thickness. While 
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the scaling of the width and the length cancel each other out, the oxide capacitance 

increases due to the oxide thickness reduction. However, one has to keep in mind that 

this scaling can bear effect on mobility and therefore interface quality has to be 

maintained. Another way to increase the drain current is using alternative channel 

materials that have higher intrinsic mobility. Germanium and III-V semiconductors are 

good examples of high-mobility materials. However, there are some issues regarding the 

employment of these materials, particularly the difficulties in achieving a good interface 

quality. These problems will be addressed in later sections. Finally, decreasing the 

threshold voltage would increase the on-current due to the term (      ) in equations 

(2.1) and (2.2). However, a very low threshold voltage is undesirable because it increases 

the off-state current. 

 

2.1.2 Off-current 

 

The MOSFET off-current or the leakage current is defined as a drain current measured 

when the gate voltage     is biased to zero and the drain voltage     is biased to the 

power supply voltage    . The off-current is expressed as follows: 

          
 

 
(   ) (

  

 
)
 

  
   
    (2.4) 

The leakage of a MOSFET should be kept as low as possible because it is the main factor 

determining the stand-by power. This is especially important for low-power 

applications. For example, if a chip containing 108 transistors has a small off-current per 

transistor of 100 nA, the leakage current of a chip becomes 10 A, which is unacceptably 

large. Therefore, one needs to find a way to minimize the off-current substantially. 

From equation (2.4) one can deduce that the off-current can be considerably reduced by 

increasing the threshold voltage. However, the threshold voltage has a significant effect 

on the on-current as can be deduced from equations (2.1) and (2.2) and thus a 

compromise has to be found to achieve a low off-current by maintaining the on-current 

high. 
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2.1.3          ratio and sub-threshold swing 

 

A high on-current and a low off-current are desirable in a transistor. However, there is a 

trade-off between them. Therefore, the          ratio is often used as a figure of merit. As 

a rule of thumb this ratio should be higher than 106. However, it has a drawback because 

it can be arbitrarily varied by changing the threshold voltage. Actually, the highest 

         ratio would be achieved if the threshold voltage was extremely high and the 

on-current lied in the subthreshold region (see Figure 2.2 for better understanding). 

However, in this case the on-current would be undesirably low. Therefore, another 

parameter called inverse subthreshold swing (or slope) is introduced: 

    (
 (        )

    
)
  

    
   

 
    

  

 
(  

   

   
) (2.5) 

 

 

Figure 2.2. Ids-Vgs characteristics in linear and logarithmic scales [13]. 

The sub-threshold swing is a measure of how fast in terms of voltage the transistor turns 

off. Consequently, a low SS of less than 65 mV/dec is desired for the ease of turning the 

transistor off and is especially important for low-voltage, low-power applications. SS has 
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a lower bound of    
  

 
 or 60 mV/dec at room temperature and is further determined by 

the ratio of the depletion capacitance     and the oxide capacitance    . Therefore the 

oxide thickness and the substrate doping concentration play a big role in achieving low 

SS and have to be adjusted accordingly.  

 

 

Figure 2.3. Equivalent circuit including the capacitance associated with interface traps. 

Another factor that affects the sub-threshold swing is the interface state density Dit, 

because the capacitance associated with the interface traps is in parallel to the depletion 

capacitance (see Figure 2.3). Thus equation (2.5) can be rewritten including the 

interface trap capacitance    : 

    (
 (        )

    
)
  

    
   

 
    

  

 
(  

       

   
) (2.6) 

With increasing interface trap capacitance (or increasing Dit) the term (  
       

   
) in 

equation (2.6) gets higher thus increasing the sub-threshold slope. A high interface state 

density can therefore degrade the sub-threshold slope, impeding the MOSFET 

performance. As a result, Dit can be a measure of the sub-threshold region quality. 

Sub-threshold swing is plotted against Dit in Figure 2.4 for silicon and germanium at a 

doping density of 1∙1018 cm-3 that is usually employed for scaled devices and for a fully 

depleted (FD) transistor at different oxide thicknesses. Note that in this approximation, 

SS of a FD transistor does not depend on the material since the depletion capacitance is 

zero. A fully depleted transistor has the smallest slope of around 60 mV/dec (not 

affected by the oxide thickness) when interface state density is below 1011 cm-2eV-1. 
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However, the slope of a FD transistor is degraded from the minimum value with 

increasing Dit at lower Dit than for the 1018 cm-3 doped Si and Ge transistors. Their SS 

starts deviating from the minimum value at interface state density of mid-1011 to 

low-1012 cm-2eV-1 depending on the oxide thickness. On the other hand, for a certain 

oxide thickness, a FD transistor always has a lower sub-threshold slope than other 

transistors. Finally, Ge transistors have a more degraded SS than Si transistors due to 

their larger dielectric constant and intrinsic carrier concentration (16.2 and 2∙1013 cm-3 

compared to 11.7 and 9∙109 cm-3). 

 

 

Figure 2.4. Sub-threshold slope versus interface state density for germanium (blue), silicon (red) and 

a fully depleted transistor (black) at three gate oxide thickness values: 3 nm, 2 nm and 1 nm. 

It is a lot faster and easier to fabricate MOS capacitors compared to MOSFETs since 

only one lithography step is needed, and process steps such as ion implantation are 

avoided. Therefore, MOS capacitors can be fabricated instead to estimate the 

sub-threshold characteristics of a MOSFET from the measured interface state density.  
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2.1.4 Equivalent oxide thickness 

 

Another important parameter of a MOS transistor is the gate oxide thickness. This oxide 

(traditionally SiO2 in silicon based technology) has to be scaled together with other 

parameters. However, the point was reached where SiO2 thickness had to be one 

nanometer or less and that thin oxide suffered from high tunneling leakage. Therefore, 

new dielectric materials having a higher dielectric constant than SiO2 (high-κ materials) 

had to be employed to achieve the same gate capacitance while having a higher oxide 

thickness. To compare these dielectrics a figure of merit, equivalent oxide thickness 

(EOT), was introduced: 

          - 

     

     - 

 (2.7) 

Here      
 and      -  are relative dielectric constants of SiO2 and a high-κ material, 

respectively, and      -  is the thickness of the high-κ oxide. In principle EOT represents 

what thickness would SiO2 be to achieve the same gate capacitance as employing a 

high-κ oxide. EOT can be extracted from the C-V characteristics of a capacitor but this 

extraction is not straightforward. Another figure of merit, capacitance equivalent 

thickness CET, is also commonly used to compare different gate stacks: 

     
     

    
 (2.8) 

Here      is the capacitance in inversion. CET is the SiO2 thickness that would provide 

the same inversion capacitance and basically represents the real capacitance of the 

entire gate stack including near surface region of the semiconductor as well as the 

interface with the gate metal [4]. It can be calculated from C-V characteristics by 

measuring the capacitance in inversion (or accumulation) and applying (2.8) equation.  
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2.2 Limitations of Si-based technology 

 

Nowadays the vast majority of transistors are fabricated employing silicon (Si). The 

main advantages of using Si and not another semiconductor are as follows. Silicon is 

very abundant, which makes the fabrication cheap. It is also physically robust enabling 

large wafer manufacturing. Moreover, Si has a moderate bandgap of 1.12 eV which is low 

enough to result in an intrinsic carrier concentration of 1010 cm-3 but high enough to 

prevent large leakage currents. Finally and most importantly, Si has a stable native 

oxide SiO2 which has a superior quality and passivates the Si surface well. 

Over the years transistors have been scaled down to achieve higher density, speed and 

reduce the power consumption [13]. Higher transistor density also led to lower cost per 

transistor. However, as scaling continued some problems arose, particularly concerning 

the leakage currents. When geometrical dimensions were scaled down, the gate oxide 

thickness had to become as low as 1 nm, which enabled quantum mechanical tunneling 

through the gate dielectric. Unfortunately, this meant that the gate leakage current 

density became as large as 100 A/cm2 for high performance applications [4], which is 

unacceptably high. To ensure longer battery life for low power applications, SiO2 scaling 

could not have continued even till that. Therefore, SiO2 had to be changed with another 

dielectric which could keep the same gate capacitance while providing higher physical 

thickness, which would reduce the leakage. Hence industry turned to high-κ dielectrics, 

particularly HfO2 [1], [4], and nowadays the gate stacks consist of a thin SiO2 layer that 

ensures the interface quality and a thicker HfO2 layer that reduces the leakage. Together 

with physical dimensions the voltage was also scaled down, including the threshold 

voltage. However, reducing the threshold voltage means an increase in the off-current 

and thus the voltage scaling had to slow down due to stand-by power restraints. 

Now Intel has reached the 14 nm technology node [14] and the question has become: 

how much smaller can we go? Clearly transistors cannot be smaller than one atom or 

one molecule. However, even before reaching these extremes one can come to a limit. 

For example, if the gate length reaches a few nanometers, quantum mechanical source-

to-drain tunneling could start occurring and the gate could lose control of the channel. 

Moreover, even though industry has already implemented high-κ materials, there is a 
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limit of how much the gate oxide can be physically scaled. Here again one has to 

consider the leakage current as well as keep in mind the interface quality. Therefore, 

neither HfO2, nor SiO2 can be scaled too much. One way to continue the scaling in this 

perspective could be searching for new materials having higher-κ than HfO2 as well as 

exchanging the SiO2 interface with a high-κ one. It is difficult to say which is more 

challenging – to find a higher-κ material as suitable for current processing as HfO2 or to 

create as good quality interface as can be achieved while employing SiO2. However, 

there is another option. 

Even before introducing high-κ dielectrics scaling was not enough to achieve a constant 

increase in device performance and hence mobility enhancement techniques such as 

strain were introduced [1]. But there is a limit to how much strain can be induced 

without causing dislocations. Another approach could be introducing alternative 

channel materials which have intrinsically higher mobility than silicon. This option has 

its benefits and limitations which will be discussed in the next section. 

 

2.3 Alternative channel materials 

 

Silicon has always had an important advantage over other semiconductors due to the 

naturally occurring SiO2 which sufficiently passivates the surface of the semiconductor 

[1]. However, as high-κ oxides have become an indispensible part of the industry, it 

enabled other materials to be considered for MOSFET channels [15]. 

Germanium and III-V semiconductor materials exhibit much higher mobility than 

silicon (see Table 2.1). Intrinsic electron mobility is more than 2 times higher in Ge, 

more than 5 times higher in GaAs and could reach even 80000 cm2/V∙s in InSb, 

although the last material is not attractive due to an extremely small bandgap. Si also 

exhibit poor hole mobility while Ge offers the highest hole mobility, which is more than 

4 times higher than Si.  

The promising bulk mobility values of Ge and III-V materials have led to an increased 

research in Ge or III-V semiconductor based MOSFET fabrication [15]. Ge-based 

p-MOSFETs have shown encouraging results having increased performance over 
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Si-p-MOSFETs. Moreover, if Ge MOSFETs were subjected to scaling, due to smaller Ge 

bandgap the power supply voltage could be scaled further than in Si. On the other hand, 

the small bandgap leads to higher leakage currents. Furthermore, Ge has a high 

dielectric constant which makes it more prone to short-channel effects [1]. 

Table 2.1. Basic properties of semiconductor materials [1]. 

Semiconductor Si Ge GaAs InP InSb 

Electron mobility, cm2/V∙s 1500 3900 8500 4600 80000 

Hole mobility, cm2/V∙s 450 1900 400 150 1250 

Bandgap, eV 1.12 0.66 1.42 1.35 0.17 

Dielectric constant 11.9 16 13.1 12.4 17.7 

Lattice constant, nm 0.543 0.565 0.565 0.587 0.648 

 

It is also very difficult to fabricate n-MOSFETs on Ge substrates due to unsymmetrical 

Dit distribution over the bandgap. Therefore, research groups have focused more 

extensively on III-V MOSFETs since they exhibit bulk electron mobility several times 

higher than Si. However, all III-V materials are subjected to severe surface passivation 

issues [1], particularly Fermi level pinning at insulator-semiconductor interface [16]. 

Therefore, fabricating Ge MOSFETs seems to be easier, especially since new surface 

passivation techniques have been discovered [3], obtaining symmetrical Dit distribution 

and offering promising interface quality for both n- and p-MOSFETs. However, Ge 

surface passivation is still a challenging issue and will therefore be discussed 

extensively. 

 

2.4 Ge surface passivation 

 

Germanium is an attractive alternative channel material for CMOS devices due to its 

very high bulk electron and hole mobility, 3900 cm2/V∙s and 1900 cm2/V∙s respectively 

[1], [2]. In terms of the hole mobility Ge is actually superior to all group IV and III-V 

semiconductors. However, it is very difficult to realize this in practice. The main 

obstacle preventing good quality Ge devices is a lack of an adequate surface passivation 
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technique. Unfortunately, germanium oxide (GeO2) does not introduce a high quality 

interface similar to silicon oxide on silicon and therefore alternative ways are needed. 

The interface degradation caused by GeO2, however, is not an intrinsic germanium oxide 

property, since CV characteristics without a hysteresis or stretch-out have been 

observed when GeO2 is deposited on Si [17], but is caused by a reaction occurring at the 

interface [1], [17]: 

 

              ( )        ( )             

 

GeO2 consumes Ge at the interface and produces GeO which becomes volatile at higher 

temperatures, desorbs from the surface and degrades the electrical performance of the 

gate stack. Therefore, either this reaction has to be suppressed, or all GeO2 has to be 

removed from Ge surface before other dielectrics can be deposited. Moreover, if GeO2 is 

used during the fabrication of CMOS devices one has to keep in mind that it is soluble in 

water and thus can cause some problems in the manufacturing process as well as for the 

end-product [1]. 

Many different ways have been chosen to pursue the Ge surface passivation problem, 

including suppression of GeO desorption by FUSI process (employing NiSix for gate 

metal) [17] or high-pressure oxidation [8] and inserting a GeON passivation layer [18]. 

However, there are three most promising routes found in the literature, namely Si-cap 

process, passivation using rare-earth oxides and oxidation through a barrier layer, and 

they will be presented in the following sections. 

 

2.4.1 Ge surface passivation using Si-cap process 

 

The most common Ge passivation technique relies on an ultrathin Si capping layer 

deposited on a chemically cleaned Ge surface. This method makes use of the 

well-established Si/high-κ fabrication techniques in developing Ge-channel MOSFETs. 

Although low EOT (1 nm or below) and short channel (70 nm or below) p-MOSFETs 

were demonstrated showing rather good characteristics with hole mobility up to 2 times 

higher than silicon [19], [20], their performance is strongly sensitive to the process 
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conditions, such as Si layer thickness, precursor, growth temperature, etc., and even a 

slight variation can degrade the device performance. Therefore, the role of these 

parameters will be addressed more extensively. 

 

Figure 2.5. A sketch of Ge/Si-cap band diagram in inversion. Holes are confined in the quantum well 

at Ge/Si interface. 

One possible cause of high interface trap density Dit is Ge surface segregation occurring 

during Si growth [21]. To reduce this problem a low temperature growth method using a 

more reactive precursor, trisilane (Si3H8), instead of the conventional silane (SiH4) was 

proposed [10], [21]–[24] since Ge diffusion should reduce exponentially with 

temperature. A lower Ge peak was indeed observed at Si surface and Dit was reduced to 

~2∙1012 cm-2eV-1
 [10]. Ge surface segregation can be even more suppressed by increasing 

Si layer thickness [21]. However, the number of Si monolayers (MLs) deposited on Ge 

impacts on the device performance. There is an optimal Si thickness of 8 MLs for peak 

hole mobility (180-220 cm2/V∙s depending on the precursor) [22], [23] since by 

increasing the Si-cap thickness the scattering in the channel by the interface traps is 

reduced but so is the population of holes in the high-mobility Ge channel (see Figure 2.5 

for clarification). Moreover, CET increases with thicker Si layer [10], [22], [25] while 

band-to-band tunneling decreases [26]. Furthermore, there is a critical thickness of 

12 MLs when plastic relaxation occurs causing dislocations [24].  
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Not only the characteristics of Si-cap itself influence the MOSFET performance but also 

the thicknesses of the dielectrics [23]. It was shown that HfO2 layer thickness reduction 

below 4 nm degrades the mobility by 15%. Moreover, when SiO2 thickness is decreased 

to sub-nanometer level, mobility is reduced due to more pronounced remote Coulomb 

scattering from defects probably residing at SiO2/HfO2 interface. This poses a severe 

problem on EOT reduction while maintaining low leakage and high performance needed 

for a generation of Ge-based MOSFETs. Note that Coulomb scattering from SiO2/HfO2 

interface is a common problem not intrinsic to Ge and can be improved by increasing 

the quality of HfO2. 

 

Figure 2.6 Asymmetrical Dit distribution while employing Si-cap process [10]. 

Another drawback of the Si-cap passivation method is the asymmetrical Dit distribution 

in the bandgap [10], [22], [27], causing a higher interface state density at the conduction 

edge (Figure 2.6). Even though efforts were still put in fabricating n-MOSFETs [28],  

achieving an n-channel device comparable to Si-devices seems unlikely thus preventing 

Si-cap passivation method to enable germanium to replace silicon as a channel material. 
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2.4.2 Ge surface passivation using rare earth metal oxides 

 

Rare earth metal oxides are a class of ―germanium-friendly‖ materials since they 

produce low defect density surfaces with Dit in the range of 1011
 – low-1012 cm-2eV-1

. It 

was shown that rare earth oxides do not require an artificial interfacial layer between 

them and Ge [18] as they strongly react with Ge during deposition or after annealing 

forming a germanate layer that in turn sufficiently passivates the surface. Employment 

of three rare earth metal oxides, CeO2, Y2O3 and La2O3, which show promising results, 

will be discussed more deeply. 

 

2.4.2.1 CeO2 as a passivation layer 

 

A CeO2 layer can be deposited directly on Ge by Molecular Beam Deposition (MBD). 

This layer reacts with germanium producing a reasonably-passivated surface with 

interface state density Dit in the range of high 1011 cm-2eV-1 to low 1012 cm-2eV-1 [18]. The 

MOS capacitors employing this gate stack exhibit CV curves with small but visible 

hysteresis and frequency dispersion. However, they suffer from quite high leakage (>0.1 

A/cm2 at 1 V). This leakage can be suppressed by combining CeO2 with another material, 

for example HfO2. This was indeed achieved for a p-MOSFET with Ge/CeO2/HfO2 gate 

stack having a low EOT of 1.6 nm and Ion/Ioff ratio as high as 106 [29]. However, the sub-

threshold swing (SS) was higher than 100 mV/dec and the peak hole mobility was only 

90 cm2/V∙s, which is around 50% lower than achieved by Si-cap passivation method. 

 

2.4.2.2 Y2O3 as a passivation layer 

 

Very high hole and electron mobility (491 cm2/V∙s and 1480 cm2/V∙s respectively) was 

achieved by depositing a Y2O3 layer and then performing high-pressure oxidation (HPO) 

and low-temperature oxygen annealing (LOA) [30]. Even though low Dit of 

1∙1011 cm-2eV-1 was obtained which corresponds to SS of ~90 mV/dec, the sub-threshold 

swing was above 100 mV/dec for a very high CET (29 nm). To achieve lower EOT Y2O3 

can be combined with crystalized ZrO2 which has a very high κ due to forming a 
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tetragonal/cubic phase [31]. Using this approach a gate stack with κ of 36 and EOT of 

1.13 nm was obtained, having Dit in mid-1011 cm-2eV-1. However, both aforementioned 

methods are not usually employed in the conventional CMOS processing, which can 

raise some problems. A more compatible process employing ALD was described in [32], 

when interface state density of 9.7∙1010 cm-2eV-1 was achieved after post-deposition 

anneal (PDA) but with the price of highly increased CET higher than 10 nm. 

 

2.4.2.3 La2O3 as a passivation layer 

 

The most promising results for low EOT while employing rare earth oxides were 

obtained using La2O3. A germanate LaGeOx is formed at the interface during the La2O3 

deposition as GeO2 is consumed by La2O3 minimizing the reaction between GeO2 and 

Ge, and suppressing the volatization of GeO [33]. Moreover, La has a fourfold 

configuration in this germanate thus making a state-free interface with germanium [34]. 

Therefore, a low Dit in the range of high-1011 – low-1012 cm-2eV-1 is obtained [34], which 

can be further improved by annealing [35]. However, LaGeOx has low κ values of 6-7, 

which can impede the scaling. Therefore, a La2O3 layer should be combined with 

higher-κ dielectrics, such as HfO2 or ZrO2, to realize a high-κ gate stack [11], [34]. ZrO2 

and La2O3 is a strong combination because La germanate provides a good interface 

while ZrO2 forms a crystalline phase having a very high κ of around 40, leading to EOTs 

as low as 1.2 nm [34]. However, this research was done using unconventional deposition 

techniques in CMOS fabrication flow, such as MBD. It was shown that if ALD, which is 

commonly employed for high-κ dielectric deposition, is used, slightly worse results are 

obtained with Dit ~ 3-4∙1012 cm-2eV-1, 50-75 cm2/V∙s peak hole mobility and SS higher 

than 100 mV/dec for 1 nm EOT [36]. However, oxidation and reduction annealing can 

reduce the interface state density to 3∙1011 cm-2eV-1 but in exchange for an increase of 

EOT above 4 nm [37]. The effect of ZrO2 layer thickness was also investigated and it was 

shown that a minimum of 4-5 nm is needed to stabilize high-κ tetragonal/cubic phases 

of ZrO2 during annealing [38]. Finally, the impact of other high-κ dielectrics on LaGeOx 

should be addressed. It was shown that HfO2 or Al2O3 deposition on La germanate 
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partly or totally consumes the IL, degrading the device performance [39]. Therefore, 

Ge/La2O3/ZrO2 remains the most promising gate stack employing rare earth oxides. 

 

Quite promising results were achieved by employing rare earth oxides for Ge surface 

passivation. However, the fabricated devices are far from meeting the technology 

requirements in terms of sub-threshold swing and Dit. Moreover, similar to the Si-cap 

method, acceptable results were mainly obtained for p-MOS technology while 

fabricating n-channel devices with high performance remains a struggle.  

 

2.4.3 Ge surface passivation by oxidation through a barrier layer 

 

Despite the aforementioned disadvantages of GeO2, such as the lack of thermal stability, 

it remains the most likely candidate for Ge surface passivation.  A promising Dit of 

low-1011 cm-2eV-1 for relatively thin EOTs below 4 nm was achieved employing thermal 

oxidation by various groups [40]–[43]. However, this method also has shortcomings. 

Thermal oxidation usually requires temperatures higher than the GeO desorption 

temperature (~400°C) thus making it difficult to achieve good Dit. Moreover, scaling is 

an issue since rapid oxide growth takes place. Finally, when germanium oxide is thinned 

down, Dit grows rapidly. Therefore, another method of Ge oxidation was proposed by 

the Takagi group. This method relies on employing electron cyclotron resonance (ECR) 

oxygen plasma to oxidize Ge through a thin Al2O3 barrier layer [44]. This barrier layer 

has a few different functions. First, it acts as an oxygen barrier to prevent unnecessary 

thick germanium oxide growth. Second, it suppresses GeO volatization. Finally, it 

protects the underlying oxide layer from any damages that can occur during further 

oxide deposition. 

This method was very successful and a symmetrical Dit distribution (see Figure 2.7) with 

Dit value in mid-1010 cm-2eV-1 was achieved for EOT below 2 nm [44]. To further scale 

the device the interface quality dependence on GeOx thickness was investigated [45], 

[46]. It was found that the interface trap density solely depends on GeOx thickness 

despite the oxidation conditions. Thicker GeOx suppresses Dit better and at least 0.5 nm 

(EOT around 0.35 nm) are needed to achieve sufficient passivation. Both p- and n-
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MOSFETs were fabricated, showing very promising peak mobilities of 937 cm2/V∙s and 

437 cm2/V∙s for electrons and holes respectively at EOT slightly higher than 1 nm [45]. 

However, mobility tends to degrade in high normal field (high Ns region) where 

MOSFETs usually operate. It was proposed that this can be reduced by minimizing 

surface roughness at the Ge/GeOx interface by lowering the substrate temperature 

during oxidation [47]. When oxidation is carried out at room temperature (RT) instead 

of 300°C, surface roughness is indeed decreased but at the cost of increasing Dit. 

Therefore, mobility in high Ns region rises while it falls in low Ns region. Very high 

mobilities of 378 cm2/V∙s and 179 cm2/V∙s for electrons and holes respectively were 

achieved in high Ns region, both exceeding Si-universal mobility curve (hole mobility 

was around 2 times higher while electron mobility increased around 30%). It was also 

shown that for oxidation at 300°C, mobility in high Ns region can be increased by 

performing PDA in atomic deuterium ambient [48]. Finally, to decrease EOT below 

1 nm, high-κ dielectrics have to be employed because scaling GeOx degrades the 

interface quality while scaling Al2O3 increases the gate leakage current [49]. 

Unfortunately, many of them, such as HfO2 or ZrO2, intermix with GeO2 thus degrading 

the interface quality [40], [41] and cannot act as a barrier for oxidation. Therefore, a 

thin 0.2 nm Al2O3 layer is used as a barrier for oxidation as well as to prevent 

intermixing between GeOx and HfO2 [49]. A record low EOT of 0.76 nm while 

maintaining Dit in the range of low to mid-1011 cm-2eV-1 was achieved by implementing 

this gate stack. The peak hole and electron mobility was 546 cm2/V∙s and 689 cm2/V∙s 

respectively and a record low SS of 85 mV/dec and 80 mV/dec was achieved for p-MOS 

and n-MOS respectively. 
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Figure 2.7. Symmetrical Dit distribution achieved when Takagi method is used [44]. 

Ozone shows similar reactivity to oxygen plasma and can therefore be employed for Ge 

oxidation through an Al2O3 barrier layer in ALD chamber [50]. Promising results were 

obtained while using this technique, particularly 5∙1011 cm-2eV-1 Dit for 2.5 nm EOT, peak 

hole mobility of 524 cm2/V∙s and 105 mV/dec sub-threshold swing. Therefore, this 

method is used in the research conducted during this thesis work.  
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3 Fabrication of Ge/high-κ MOS capacitors 

MOS capacitors are fabricated on a Ge substrate employing high-κ gate stacks based on 

Takagi’s group’s surface passivation method [3]. The simplified process flow is depicted 

in Figure 3.1. First, the Ge substrate (a) is cleaned (b). Then a barrier layer is deposited 

(c). Ge is oxidized through the barrier layer in ozone (d) and high-κ oxide is deposited 

on top (e), followed by the metal deposition (f). Finally, after lithography and etching 

MOS capacitors of varying sizes and shapes are formed (g). Each step of the process will 

be explained in more detail in the following sections. 

 

 

Figure 3.1. Ge/high-κ MOS capacitors: process flow. 

3.1 Wafer cut 

 

Ge is an expensive material and therefore the following experiments are performed not 

on full wafers but on ~1×1 cm2 pieces. Before sawing the wafer into pieces, it is coated 

with a layer of MEGAPOSIT SPR 700-1.2 photoresist in OPTIspin SST20 photoresist 



22 

 

spinner. This is performed so that the wafer surface would not be damaged during the 

sawing. The wafer is sawn into ~1×1 cm2 pieces with the Disco DFD640 saw. 

 

3.2 Resist removal 

 

After cutting the wafer the photoresist is removed from the pieces. A few different resist 

removal techniques are used. The basic resist removal is performed by dipping the 

pieces in acetone for 30 min. This can be performed either just before the cleaning or 

some time before to save time. Another way to strip resist is using oxygen plasma in STS 

308PC (RF Plasma Asher). This method oxidizes the Ge surface and could be beneficial 

if there were some metal particles on the surface, because they would be brought up by 

oxidation and then washed out during the cleaning step when the oxide is removed. 

 

3.3 Cleaning 

 

First samples are dipped in propanol for 5 min to remove organics and remainder 

acetone. Then the native oxide is removed using acid. There is no established process for 

Ge native oxide removal. Therefore, three different techniques are tested for this step. 

First method is called cyclic HF clean. One cycle consists of a 1 min 1% HF dip and a 1 

min deionized water (DIW) dip. Three cycles are performed for the cleaning. Second 

method employs a higher concentration HF. The sample is dipped in 5% HF for 5 min 

and then in DIW for 5 min. Unfortunately, it was shown that HF does not completely 

remove Ge sub-oxides and HCl is suggested instead [51]. Consequently, in the third 

cleaning method the sample was dipped in 18% HCl for 5 min and then in DIW for 5 

min. The different impacts of these cleaning methods on device fabrication will be 

discussed in the results section. 
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3.4 Gate oxide deposition 

 

After the cleaning the samples are immediately loaded into Beneq TFS 200 ALD reactor 

where the gate oxide is deposited. Gate dielectric is formed in three steps. First a thin 

barrier layer is deposited. Then Ge is oxidized through the barrier. Finally, a thick layer 

of high-κ dielectric is deposited. 

 

3.4.1 Al2O3 barrier layer deposition 

 

A very thin Al2O3 barrier layer is deposited by ALD using TMA (Trimethylaluminum, 

Al2(CH3)6) and water at 200°C. Both precursors are liquid. The barrier is deposited 4-6 

cycles thick depending on the batch.  

 

Figure 3.2. Al2O3 thickness versus the number of cycles deposited on Si substrate. 

The deposition rate of 0.117 nm/cycle is obtained from Al2O3 depositions on silicon 

substrate (see Figure 3.2), and 4-6 cycles correspond to 0.47-0.70 nm thick layer. The 

growth on germanium might vary slightly, and the obtained thickness must be regarded 

as an estimate. Moreover, the exact growth characteristics of the first cycles are unclear 

as the linear fit extrapolated to the value of 0 cycles show an initial thickness. This 
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thickness is likely to occur if Si substrate is slightly oxidized during the deposition. More 

characterization is needed to be performed in order to determine if the same would 

occur while employing a Ge substrate. TEM images could be used to determine the exact 

thickness of Al2O3 layer. 

 

3.4.2 Oxidation through the barrier 

 

Ge is oxidized in an ALD reactor at 350°C using ozone generated by the BMT 802N 

ozone generator. Principle scheme of a cross-flow ALD reactor together with ozone 

generator employed in this work is displayed in Figure 3.3. Ozone is introduced into the 

ALD chamber as a gas precursor. Pure oxygen is circulating through the generator and is 

used to produce ozone. Different power settings can be used to create a more or less 

diluted O3/O2 flow (20% and 90% generator power employed in this thesis work). The 

samples are exposed to ozone gas by opening a valve connecting the O3/O2 gas 

circulation to the gas mixer which is linked to the reactor chamber. Oxidation times of 

0-15 min are evaluated in the thesis work. 

 

Figure 3.3. Principle scheme of ALD reactor showing inlet and outlet of precursor lines including 

ozone. 
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3.4.3 HfO2 deposition and PDA 

 

HfO2 is deposited by ALD at 350°C using HfD04 (Bis(methylcyclopentadienyl) 

methoxymethylhafnium, Hf[C5H4(CH3)]2(OCH3)CH3) and water. HfD04 is a solid 

precursor and is therefore heated up to 100°C. A thick layer of HfO2 (133 cycles 

approximating to 7.2 nm, see Figure 3.4) is deposited to prevent leakage. The thickness 

determined from the plot in Figure 3.4 is an estimate as the depositions were performed 

on silicon, and is likely to be slightly different on germanium. Moreover, the first points 

of the graph are disregarded while making a linear fit because the HfO2 deposition rate 

changes slightly at around 5 nm thickness. Post-deposition anneal is performed in ALD 

reactor in ozone (20% generator power) for 10 min to repair the defects in HfO2 that 

exist just after the layer growth. 

 

Figure 3.4. HfO2 thickness versus the number of cycles deposited on Si substrate. 
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3.5 Metallization 

 

After the gate oxide deposition, the gate metal and the contact metal are deposited. This 

deposition is done within the same day of the gate oxide deposition so that the least 

water would be absorbed from the air. Three different metal stacks are used. The first 

samples are fabricated employing TiN as a gate metal and Al as a contact metal. 10 nm 

TiN layer is deposited in the ALD chamber at 350°C using TiCl4 (Titaniumtetrachloride) 

and NH3 (Ammonia) as precursors. 500 nm Al is deposited using Physical Vapor 

Deposition (PVD). However, ammonia finished during the thesis work and therefore 

TiN has been changed to 100 nm of TiW deposited by PVD. Al has remained as a contact 

metal. Finally, for simplicity the TiW layer is removed and Al is employed both as a gate 

metal and as a contact metal. 

 

3.6 Lithography 

 

The lithography part consists in the following steps: (a) priming, (b) spin coating, 

(c) soft bake, (d) exposure, (e) post-exposure bake, (f) development, (g) hard bake, 

(h) etching and (i) resist removal. Lithography steps up to etching will be explained in 

this section while etching and resist removal steps are described in the following 

sections. 

First the surface of the sample is primed using HMDS (a) so that the photoresist 

adhesion would be improved. Then MEGAPOSIT SPR 700-1.2 photoresist is spin coated 

(b) using an OPTIspin SST20 photoresist spinner at 5000 rpm for 30 s. That gives an 

approximately 1.2 µm thick photoresist layer. The samples are soft baked (c) on a hot 

plate at 90°C for 1 min. The soft bake is used to partly drive off the solvent in the resist 

to make it harder as well as for better adhesion [52]. The samples are exposed (d) for 7 s 

in MA6/BA6 Karl Suss Mask aligner using soft contact mode. Afterwards the samples 

are baked (e) for 1 min at 110°C and immersed in MICROPOSIT MF CD-26 developer 

for 27 s (f). The developer is rinsed off by dipping the samples in water for 1 min. The 
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structures are examined under a microscope and if the previous steps are successful, 

fabrication proceeds to the etching step. 

 

3.7 Etching 

 

Prior to etching the samples are hard-baked for 5 min at 110°C. This baking step 

removes the remaining solvent from the resist thus improving the adhesion and the 

resistance to the etchant. The hard bake is performed just before the etching step. 

Two etching methods are employed for metal removal, dry etching and wet etching. Dry 

etching is performed in Applied Materials Precision 5000 Mark II tool. The pieces are 

stuck on a Si wafer using thermo-conductive purple tape and then inserted into the tool. 

Al is etched using BCl3 and Cl2 gasses and relying on the endpoint system that detects 

the change in the wavelength of the light emitted by the plasma. TiW is etched for 25 s 

using Cl2 and SF6 while the TiN layer is etched using BCl3 and Cl2 for 20 s. The dry 

etching tool is not completely suitable for working on pieces, as will be described in 

detail in the results section. Therefore, for later samples wet etching is employed. Al is 

etched for 1 min in Aluminum Etch 16:1:1:2 that consists of 60-70% phosphoric acid, 5% 

acetic acid, 2-5% nitric acid and >20% water. Then the samples are rinsed for 5 min in a 

water bubbler. 

 

3.8 Resist removal 

 

The final step of fabrication of MOS capacitors is the removal of the photoresist. The 

samples are dipped in acetone for 15 min. Then the acetone is switched to fresh acetone 

and the procedure is repeated. Afterwards, the samples are dipped in propanol for 5 min 

and DIW for 5 min. When the samples are dried using a nitrogen gun, the fabrication 

process is completed. 
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4 Electrical characterization of Ge/high-κ MOS capacitors 

 

Electrical characterization is the main method used in this thesis to determine the 

quality of the fabricated Ge/high-κ MOS capacitors. Three types of measurements are 

performed, namely capacitance-voltage (CV) measurements, current-voltage (IV) 

measurements and conductance measurements.  

CV measurements are performed using a manual probe station (Figure 4.1, left) which 

consists of Cascade 11000 wafer prober connected to a HP LCR meter which is designed 

for frequencies from 1 kHz to 1 MHz. The same probe station, connected to Keithley 

SCS4200 parameter analyzer is used for IV measurements. Conductance measurements 

are performed on a cryogenic probe station Janis ST-500-UHT (Figure 4.1, right), 

connected to a HP LCR meter. The theory behind these measurements will be described 

in the following sections. 

 

  

Figure 4.1. Manual probe station (left) and cryogenic probe station (right). 

 

4.1 IV measurements 

 

IV measurements are performed to check the gate leakage. The voltage is swept from 

inversion to accumulation and the current is measured. A compliance of 1 µA is set so 

that too large of a current would not flow through the system in case of a leaky capacitor. 

The data is usually plotted in semi-logarithmic scale, taking the absolute value of the 
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current. It is very important to minimize the leakage current because it might affect 

other measurements. 

 

4.2 CV measurements 

  

CV measurements are a very important part of electrical characterization of MOS 

capacitors. The capacitance is determined by applying DC voltage to the gate with a 

superimposed small signal AC voltage. Many MOS capacitor parameters can be 

determined from this measurement. For example, equivalent oxide thickness and 

capacitance equivalent thickness (equations (2.7) and (2.8) respectively) can be 

extracted from CV curves. Moreover, one can roughly determine if the semiconductor-

oxide interface is degraded due to interface trapped charge. However, interpreting CV 

results is not straight forward as they tend to differ from the theory where the parasitic 

effects are not included. Therefore, one has to take into account the quality factor and 

frequency dispersion, especially when working with thin oxides. 

 

4.2.1 EOT and CET extraction 

 

EOT is a very important device parameter, especially when developing gate stacks with 

new dielectrics since it allows one to compare different gate oxides. However, it is 

difficult to extract it from accumulation (or inversion) capacitance because it is affected 

by the quantum mechanical effect (the peak of carrier distribution in accumulation and 

inversion is not at the surface of the semiconductor), oxide leakage current and gate 

depletion (if poly-Si is used) [53]. Therefore, often CV simulators are used for EOT 

extraction, although a choice of the simulator might affect the EOT value by 20% [54]. 

Nevertheless, these simulators are developed for Si-based MOS capacitors and thus 

need adjustments to be used for Ge. Another approach could be to use a combined 

Maserjian and Vincent technique which shows promising results that fall in agreement 

with oxide thicknesses extracted by ellipsometry [55]. However, these techniques 

usually require a high-frequency CV curve which is very difficult to obtain at room 
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temperature for Ge-MOS capacitors due to the minority carrier response in inversion. 

Therefore, CET values will be used for simplicity to compare different gate stacks in this 

thesis. 

 

4.2.2 Quality factor 

 

Even when extracting CET from a CV curve one has to take into account some 

inaccuracies that might occur. Usually a LCR meter calculates the capacitance using one 

of the two models, a series resistance (Figure 4.2a) or a parallel conductance 

(Figure 4.2b). When the capacitor has a resistance in series one usually calculates the 

impedance Z and when it has a conductance in parallel, the admittance Y is typically 

calculated. Both impedance and admittance consists of a real part that comes from the 

resistor (conductor) and an imaginary part that comes from the capacitor.  

 

Figure 4.2. Series resistance (a) and parallel conductance (b) equivalent circuits 

During CV measurements one is interested to obtain as close capacitance values to the 

real ones as possible. Therefore, the capacitance part of the measured impedance 

(admittance) has to be much larger than the resistance (conductance) part. A good 

figure of merit to show that is the quality factor Q: 

   
 

 
 

   

 
 

  

 
 (4.1) 
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where   is the dissipation factor,   is the resistance,    is the capacitive reactance,   is 

the conductance and    is the capacitive susceptance. As a rule of thumb Q factor should 

be higher than 20 so that the capacitance calculated from the measured impedance 

would reflect the real capacitance accurately. However, due to high leakage current 

when employing thin oxides as well as due to high series resistance when working with 

low-doped substrates or small pieces, Q factor can get as low as 10 or even less. This 

often occurs when measuring large area capacitors because the leakage current 

increases with area. Moreover, the quality factor often decreases at high frequencies 

because the reactance gets smaller.  

When working on highly resistive substrates and thin oxides, one must account for both, 

series resistance from the substrate and the contact as well as the parallel resistance due 

to tunnelling, as depicted in Figure 4.3a. However, CV meters usually perform 

measurements using either series resistance (Figure 4.3b) or parallel resistance 

(Figure 4.3c) circuit models. Parallel resistance model is mainly used for thin dielectrics 

with high leakage. Using this model capacitance becomes dependent on frequency [56]. 

This dependence can be eliminated by recalculating the data and using the more 

accurate model from Figure 4.3a. The calculations described below are taken from [56]. 

 

Figure 4.3. a) accurate, b) series and c) parallel equivalent circuit models. 

The impedance of the equivalent circuit depicted in Figure 4.3a is: 

      
  (       )

        
   (4.2) 
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The impedance of the parallel resistance model depicted in Figure 4.3c is: 

   
    

   (     )
 (4.3) 

Here    is the dissipation factor (reciprocal of the quality factor). The primed letters 

refer to the measured values. By equating imaginary parts of (4.2) and (4.3) and 

measuring the capacitance   
 and   

  and the dissipation   
  and   

  at two different 

frequencies    and    one can solve for the real capacitance: 
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This method, called dual frequency method, can eliminate frequency dispersion caused 

by the disagreement of the equivalent circuits. However, it has its limitations. It was 

shown that the capacitance calculated from the dual frequency method depends on the 

frequencies chosen [57]. According to the calculations done in [57], two requirements 

have to be fulfilled: (i)    has to be selected much smaller than    (   <<   ) and (ii) the 

quality factor Q at the higher frequency    has to be higher than 0.91. 

 

4.2.3 Frequency dispersion 

 

Frequency dispersion is an unwanted effect occurring during CV measurements when 

the capacitance measured in accumulation becomes dependent on frequency. The main 

causes of frequency dispersion are series resistance, leakage current and lossy interfacial 

layer between the semiconductor and the oxide [58].  

The main parasitic effects increasing the series resistance are bulk semiconductor series 

resistance and imperfect backside contact [58].  The series resistance is larger for the 

samples that have small substrate areas, e. g. 1 cm2. It is illustrated in Figure 4.4, left 

where capacitors fabricated on a 25 cm2 area substrate exhibit almost no frequency 

dispersion while capacitance measured accumulation of the devices fabricated on 1 cm2 

area substrate decreases around three times while increasing the frequency from 1 kHz 

to 1 MHz. This type of samples is also subject to the irreproducibility of CV 
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measurements, which is shown in Figure 4.4, right (filled markers) where capacitance 

values at a certain voltage differ from measurement to measurement.  However, if the 

back-side contact is employed, irreproducibility becomes negligible (see Figure 4.4, 

right, open markers).  

One can correct the parasitic effect by making calculations described in [59] but it is a 

long and tedious process. Instead one can either make a good back-side contact or a 

front contact during fabrication to minimise the frequency dispersion. Since fabricating 

a good ohmic contact might be very difficult, one can also use a large capacitor as a 

contact. Then two capacitances, a small capacitance from the measured capacitor and a 

large capacitance from the contact capacitor, in series are measured. If the capacitance 

of the small capacitor is much smaller than the capacitance of the contact capacitor, the 

measured capacitance will be that of the small capacitor.  

 

 

Figure 4.4. Frequency dispersion due to parasitic effects. Frequency dispersion is observed for 

samples without backside contact and with small substrate area (left). CV measurements are also not 

reproducible for these samples (right) [58]. 

A lossy interfacial layer between the semiconductor and the dielectric can cause 

frequency dispersion as well [58]. The interfacial layer has a capacitance and a 

conductance. If the interfacial layer is much thinner than the oxide layer (1 nm 

compared to 21 nm CET shown in Figure 4.5, left), its capacitance is much larger and 



34 

 

thus only the oxide capacitance is observed in the measured curve and frequency 

dispersion does not take place. However, when the oxide is thin (2.7 nm CET in 

Figure 4.5, right), the interface capacitance becomes comparable to the oxide 

capacitance and influences the measurement. Then frequency dispersion is observed. 

The frequency dispersion is also influenced by the conductance of the interfacial layer, 

which should be minimized for example by employing thermal SiO2 instead of native 

SiO2 while working with silicon substrates. 

 

  

Figure 4.5. Frequency dispersion due to lossy interfacial layer. No frequency dispersion is observed 

in CV measurements for the sample with high CET (left) while CV characteristics of the sample with 

low CET exhibit high frequency dispersion (right)  [58]. 

4.2.4 Comparison with the theoretical curve 

 

CV measurements can be used to roughly estimate the interface trap density Dit. By 

comparing a curve without interface traps and a curve with interface traps one can see 

that the latter one is stretched-out [60]. This is due to the fact that the change in band 

bending becomes smaller when interface traps are introduced and thus a higher gate 

voltage has to be applied to reach accumulation. Therefore, one can compare a 

theoretical CV curve with a measured one and from the observed stretch-out 

qualitatively deduce whether the interface trap density is high or low. 
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Here only the final expressions for the capacitance and the voltage will be presented. 

The full derivations can be found in [61]. The theoretical capacitance can be expressed 

as: 

   
 

 

   
 

 

  

 (4.5) 

Where     
   

   
 is the oxide capacitance density, and     and     refer to the dielectric 

constant and the oxide thickness respectively, while    is the semiconductor 

capacitance. Semiconductor capacitance in low and high frequency respectively is: 
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Here   is the elementary charge,    is the semiconductor dielectric constant,    is the 

doping concentration,    is the surface potential,    
  

 
 is the thermal voltage and 

             is the Fermi potential where    is the intrinsic carrier concentration. 

The sign of the right side of equations is determined by the sign of the surface potential, 

i. e. + is taken when      and – is taken when     . The gate voltage can also be 

calculated as: 

           
√      

   
√                        (              ) (4.8) 

Where     is the flatband voltage. The sign of the third term on the right side is taken as 

in equations (4.6) and (4.7). 
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Figure 4.6. Theoretical low frequency (blue) and high frequency (red) CV curves for n-type Ge MOS 

capacitor with EOT of 3 nm and doping of 1015 cm-3 

By inserting different surface potential values in equations (4.6), (4.7) and (4.8) one can 

obtain values for the capacitance and the gate voltage and construct a theoretical CV 

curve. CV curves obtained for n-type germanium with doping density of 1015 cm-3 

(doping density of the Ge substrate employed in this thesis), flatband voltage at -0.1 V 

and EOT of 3 nm are plotted in Figure 4.6. 

 

Figure 4.7. High frequency (a) and low frequency (b) capacitance curves deviating at the minimum 

value due to interface state density (presented in the inset) [60]. 
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One problem might arise while using this method to roughly estimate Dit. In real low 

frequency CV curves, different than in theoretical curves, capacitance minimum is not as 

low as in high frequency curves (see Figure 4.7 for clarity). Therefore, the slope of the 

curve seems more degraded (the curve seems more stretched-out) than it is due to the 

interface traps because the inversion response starts earlier. If one can obtain only low 

frequency curves, then the comparison between the theoretical and the measured curves 

becomes more difficult.  

In order to obtain a theoretical low frequency curve that could be compared to the 

measured one for Dit estimation equation (4.6) is modified to include the capacitance 

associated with interface traps    : 

           √      
                  (        )

 √   
                     (   

           )

     (4.9) 

Interface trap capacitance is proportional to interface trap density    : 

          (4.10) 

Interface state density is assumed to have a parabolic distribution in the band gap with 

the minimum in mid-gap and increasing towards the conduction and the valence bands. 

Then     dependence on the surface potential    for a 1015 cm-3 doped substrate 

employed in the thesis work is: 

      (      )    (4.11) 

The number 0.1 is obtained by calculating the position of the Fermi level in the bandgap 

for the 1015 cm-3 doping that is employed in the thesis work and then obtaining the 

surface potential that would bend the energy bands for the mid-gap to reach the Fermi 

level at the surface. The constants   and   are chosen to fit the measured capacitance 

values. Generally   sets how high is the capacitance minimum of the theoretical CV 

curve and then   is adjusted to match the slope of the curve in depletion to the slope of 

the measured curve. The influence of the interface states on the gate voltage is also 

estimated (calculations not shown here): 
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Note that the expressions are derived for a p-type substrate while the experiments are 

performed and the graphs are shown for an n-type substrate. The CV curve for an n-type 

substrate is a mirror image of the p-type curve around the V = 0 axis if the flatband 

voltage is zero. Therefore, in order to obtain a CV curve for an n-type substrate the 

capacitance is plotted against (   (     )       ) where       is a flatband voltage 

calculated for an n-type substrate. Moreover, for further calculations surface potential is 

taken with an opposite sign as well because the bands bend in the opposite directions for 

a p-type and an n-type substrate to go from inversion to accumulation. 

 

4.2.5 Combined high-low frequency capacitance method 

 

Another method to estimate interface trap density employs both, high and low 

frequency curves [60]. Capacitance associated with interface traps can be expressed as: 
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Where     and     are low frequency and high frequency capacitances respectively and 

    is the oxide capacitance obtained in strong accumulation.     is related to     as: 

          (4.14) 

However, equation (4.13) is not valid in the region near or in inversion. To obtain     in 

that region one can eliminate     from equation (4.13) with            and obtain 
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This equation is plotted in Figure 4.8 for 10 nm thick SiO2 and can be used for     

extraction. For a given gate bias one can find 
   

   
 and then get    from the measured 
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curves. Then by using Figure 4.8 one can find    . If the device has a different oxide 

thickness than 10 nm one can use the following formula: 

        -    

  

   
 (4.16) 

Where    is the oxide thickness in nanometers.  

 

Figure 4.8. A plot for obtaining Dit versus gate bias [53]. 

This method has limitations. The high frequency curve actually is used here to obtain 

the semiconductor surface capacitance    (
 

   
 

 

   
)
  

 so that the need for the 

knowledge of the accurate doping profile would be eliminated. This curve has to be 

measured at sufficiently high frequency (usually 1MHz) so that interface traps would not 

respond. That is not always possible for high interface trap density devices. Moreover, 

when    becomes much larger than    , a round-off occurs which also makes the     

estimation not accurate. Therefore, a better way would be to measure the interface trap 

loss directly. One method that works that way is called conductance method and will be 

described in the following section. 
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4.3 Conductance measurements 

 

Probably the most sensitive method to determine interface trap density Dit is the 

conductance method [53], [60]. Trapping carriers at the interface is a lossy process 

which can be represented by a conductance GP parallel to the measured capacitance. 

This conductance depends on the voltage bias and frequency and by measuring this 

dependence Dit can be estimated. 

The conductance is usually measured as a function of frequency at different voltage bias. 

At a particular voltage the trapping of the carriers depends on the frequency. If the 

frequency is low, the traps can respond in an equilibrium manner which has reduced 

loss whereas if the frequency is high, the traps fail to respond completely, reducing the 

loss as well. The peak loss occurs when the frequency corresponds to the trapping rate 

[60]. The measured data is plotted as      versus   curve where       and   is the 

measured frequency. Interface trap density is extracted from the peak of the curve [53]: 
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In the LCR meter a parallel C-G connection is usually assumed (Figure 4.3c) while 

actually there is an oxide capacitance in series with this parallel connection. The 

measured capacitance    and conductance    are used to obtain      values: 
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 (4.18) 

Here     is the oxide capacitance measured in deep accumulation. Equation (4.18) 

assumes negligible series resistance. 

By employing equations (4.17)-(4.18) one can determine interface trap density as a 

function of gate voltage. To find Dit as a function of the place in the bandgap one has to 

do additional calculations. 

The main problem that might arise while performing conductance measurements is the 

effect of the series resistance. The conductance is not only a function of frequency but 

also of voltage. In accumulation there are a lot of carriers near the semiconductor/oxide 

interface and the traps can respond immediately to the AC voltage. In depletion the 
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carrier density is reduced and the traps cannot respond to the AC voltage fast enough 

which introduces a loss. In inversion either there are not enough carriers to be trapped 

(in silicon) or the inversion response occurs if the supply of minority carriers is large 

enough (in germanium) and the loss is low. Therefore, there is a peak in conductance 

versus gate voltage measurements [60]. However, this peak can be masked completely if 

the series resistance of the sample is too large (see Figure 4.9, left). In that case Dit 

extraction is not possible. If series resistance is not too large, it masks the conductance 

peak only partly (see Figure 4.9, right) and the measured curves can be corrected with 

the following equations [60]: 
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Here    is series resistance,    and    are measured conductance and capacitance,     

and     are measured conductance and capacitance in strong accumulation,    and    

are corrected conductance and capacitance,      (  
      

 )   and     is the 

oxide capacitance. Notice that series resistance affects not only the measured 

conductance but the measured capacitance as well. 
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Figure 4.9. Series resistance masking the conductance peak completely (left) and partly (right) [60]. 

Another important problem is performing the conductance measurement on small 

bandgap materials, such as germanium. At room temperature only low frequency CV 

curve can be achieved for these materials and the inversion response might be mistaken 

for a higher Dit than it actually is [62]. Therefore, low temperature measurements have 

to be performed so that this effect would be avoided. 
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5 Results and Discussion 

 

In this work a Ge/high-κ gate stack is being optimized while employing an oxidation 

through a barrier method developed by Takagi group (see Section 2.4.3). It continues 

the work done by Eugenio Dentoni Litta where interface quality dependence on the 

ozone generator power and barrier layer thickness was investigated. An optimum 

barrier layer thickness of 4-6 cycles was established, while the best result was obtained 

employing 4 cycles of Al2O3 deposition and 20% ozone generator power. A study of the 

combination of ozone generator power and barrier layer thickness as well as the 

influence of oxidation time is performed in this thesis work. Various practical problems 

encountered during the research are described and solutions are suggested.  

 

5.1 Ge oxidation through a barrier layer: the extremes 

 

Two extreme cases of Ge oxidation through a barrier layer are examined (see Table 5.1). 

In the first case a thin 4 cycles layer of Al2O3 is deposited and then the oxidation is 

carried out using high 90% ozone generator power. In the second case a thicker barrier 

layer of 6 cycles is used while ozone generator power is kept low at 20%. Oxidation is 

performed at 350°C for 5 min for both samples. Finally, a thick high-κ dielectric HfO2 

layer of about 7.2 nm thickness (133 cycles) is deposited to suppress the leakage and 

post-deposition anneal (PDA) is performed for 10 min in ozone. 

 

Table 5.1. Layer thicknesses and oxidation parameters for two extreme cases of oxidation. 

 
Al2O3 barrier 

thickness, cy. 

Oxidation 
HfO2 thickness, cy. PDA 

Power, % Temperature, °C Time, min 

Sample 1 4 90 350 5 133 

Sample 2 6 20 350 5 133 
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5.1.1 Electrical characterization results 

 

CV measurements are performed for each sample at four frequencies (5 kHz, 10 kHz, 

50 kHz and 100 kHz) on capacitors with different diameters (100 µm, 200 µm and 

400 µm). The voltage is swept from inversion to accumulation and back as indicated 

with arrows in Figure 5.1 where measured curves obtained from 200 µm capacitors with 

highest Q factor are displayed. A hysteresis of about 0.35 V is observed for both samples, 

indicating negative oxide charges of -3.6∙1012 cm-2 due to the positive shift of the curve. 

CV curves measured at increasing frequencies display decreasing capacitance values in 

both inversion (left) and accumulation (right) parts of the curves. At low frequencies of 

5-10 kHz a full inversion response can be observed due to the high intrinsic carrier 

concentration of Ge. When frequencies get higher, minority carriers are not able to 

follow the frequency completely, and the capacitance is reduced. In accumulation, 

however, majority carriers are always able to respond to the frequency and the 

capacitance reduction with increasing frequency, called frequency dispersion, has a 

different source. Frequency dispersion is caused by a low quality factor Q, which arises 

due to several reasons. First of all, no back-side contact is created during the fabrication 

process resulting in the chuck being used as a contact, which causes high resistance. 

Moreover, the small pieces which are used for measurements give rise to even higher 

substrate resistance. Finally, the metal etching of the samples is not completely 

successful. When working on small pieces, the sample has to be stuck on a silicon wafer 

before inserting it into the plasma etching tool. Plasma becomes non-uniform around 

the sample causing irregularities in the etching process. As a result, some parts of the 

sample are over-etched which can cause leakage and reduce the quality factor. 
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Figure 5.1. CV (left) and QV (right) curves of Sample 1 employing thin barrier and high ozone 

generator power (top) and Sample 2 employing thicker barrier and low ozone generator power 

(bottom) at different frequencies. 

 

Frequency dispersion is an unwanted effect because it makes the extraction of the 

capacitance equivalent thickness (CET) more difficult. To avoid the influence of the 

quality factor as much as possible, 5 kHz and 10 kHz curves are used for CET 

determination due to the highest quality factor in accumulation at 1.5 V. Accumulation 

capacitance is very similar for both samples, resulting in a CET of 2.1 nm and showing 

no significant difference between the samples. Note that CET determination for the 

samples is not very accurate because the capacitance in accumulation is not scaling well 

with area. 
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Finally, it should be noted that inversion capacitance is slightly higher than 

accumulation capacitance, which is not predicted by theory. It is reproducible and 

observed throughout the thesis work (inversion capacitance is higher than accumulation 

capacitance by no more than 14%). However, to avoid repeatability the discussion of this 

unusual effect is restricted to this section. 

Several possible explanations are analyzed. First, the capacitance values calculated from 

the measured impedance are not very accurate due to low Q factor. However, when the 

quality factor is low due to large leakage or series resistance as described in sections 

4.2.2-4.2.3 the capacitance tends to decrease. Since the quality factor is higher in 

accumulation than in inversion, low Q factor is not likely to cause an increase in 

inversion capacitance compared to accumulation capacitance. Another cause could be a 

different interface charge density distribution in accumulation and inversion regions. 

Capacitance associated to interface traps is in parallel to the semiconductor capacitance 

as described in section 2.1.3. In both accumulation and inversion semiconductor 

capacitance becomes very large because carriers gather close to the surface. Thus the 

interface state capacitance influence is negligible in those regions and is not able to 

cause the observed effect. Carrier distribution in accumulation and inversion, on the 

other hand, might be slightly different due to the quantum mechanical effect. This effect 

causes the peak of the distribution to be not exactly at the semiconductor/oxide 

interface but at some distance from it. This distance might be different in accumulation 

and inversion regimes but extensive calculations are needed to be exact. If this is the 

case, then it would be observed in the literature as well.  However, no such results have 

been presented to the author’s knowledge. Finally, capacitance difference could be 

caused by a parasitic capacitance. Fringe capacitance is a common parasitic that occurs 

when the electric field extends the area of the capacitor causing the capacitance to be 

slightly larger than obtained from parallel plate capacitor calculations. However, the 

fringe capacitance value does not change with the area of the capacitor and thus has a 

higher effect on small capacitors than on the large ones. Conversely, the effect of higher 

capacitance in inversion than in accumulation is not larger for small capacitors. 

Consequently, fringe capacitance is unlikely to be the cause of it. Further work is needed 

to clarify this effect. 
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5.1.2 Dit estimation by comparison of the measured and the theoretical curves 

 

Measured CV curves are compared to the theoretical CV curves that are modified to 

include a parabolic Dit distribution. By adjusting the parameters defining the 

distribution, an estimate of the interface trap density in the fabricated capacitors is 

made. 

Theoretical curves are constructed using expressions (4.5), (4.9) and (4.12) from section 

4.2.4. Semiconductor parameters corresponding to germanium are inserted and oxide 

thickness is chosen to match the measured curves in accumulation. Theoretical and 

measured CV curves are plotted in Figure 5.2, left for the sample that is oxidized 

through a thin barrier employing high ozone generator power and in Figure 5.2, right for 

the sample fabricated low power oxidation through a thicker barrier. 

 

  

Figure 5.2. Measured (black) and theoretical (red) CV curves for the sample fabricated by employing 

4 cy Al2O3 and 90% ozone generator power (left) and for the sample that is oxidized through 6 cy 

barrier with 20% ozone generator power (right). 

 

An accurate fit is achieved for both samples, especially in the part between the mid-gap 

(the minimum of the CV curves) and deep accumulation. In inversion, however, the 

theoretical curves deviate from the measured ones. On one hand, this deviation can be 

explained by an inaccurate Dit distribution employed for the theoretical curves. On the 
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other hand, inversion capacitance values do not resemble theory since they are higher 

than accumulation capacitance values as discussed earlier. Then the measured 

capacitance in the inversion region might not closely resemble the real capacitance thus 

causing the deviation. 

 

Figure 5.3. Dit distribution within the bandgap. 

Dit distribution in the bandgap is obtained from the fitted curves in the region where an 

accurate fit is obtained and plotted in Figure 5.3. The calculated interface state density is 

in mid-1012 cm-2eV-1 range for both samples, although slightly lower for Sample 1 which 

is fabricated while employing 90% ozone generator power oxidation through 4 cy Al2O3 

barrier layer. Therefore, the further investigation is continued using this barrier 

thickness and ozone generator power combination. 

 

5.2 Ge oxidation through a barrier layer: dependence on oxidation time 

 

The influence of the oxidation time is investigated while employing a barrier thickness 

of 4 cycles and 90% ozone generator power combination identified previously. The 

experimental matrix consisting of six samples with increasing oxidation times is 

presented in Table 5.2. 



49 

 

 

Table 5.2. Experimental matrix for samples employing different oxidation times. 

 
Al2O3 barrier 

thickness, cy. 

Oxidation 
HfO2 thickness, cy. PDA 

Power, % Temperature, °C Time, min 

Sample 1 4 90 350 0 133  

Sample 2 4 90 350 1 133  

Sample 3 4 90 350 3 133  

Sample 4 4 90 350 6 133  

Sample 5 4 90 350 10 133  

Sample 6 4 90 350 15 133  

 

Higher oxidation time is expected to increase the quality of the interface. However, it 

should also raise the CET value which is not desirable. Therefore, a compromise 

between a better interface and a low CET can be identified. Moreover, the sample 

without any oxidation can be used to emphasize the importance of oxidation since MOS 

capacitors employing Al2O3 layer and no oxidation [63] have inferior interface quality 

compared to MOS capacitors oxidized through Al2O3 barrier layer [44]. 

Many problems are faced at different steps of the experiment that impede accurate 

characterization of MOS capacitors as well as reproducibility. These problems and 

employed solutions are presented together with the electrical characterization results in 

the following sections. 

5.2.1 Back contact: electrical characterization results 

 

Capacitance-voltage characteristics are measured for each sample at 5 kHz, 10 kHz, 

50 kHz and 100 kHz frequencies on capacitors with varying sizes. A dual voltage sweep 

from inversion to accumulation and back is performed so that a hysteresis could be 

observed. CV and QV curves of 200 µm capacitors exhibiting the highest quality factor 

for each sample are displayed in Figure 5.4 where sweeping direction and hysteresis are 

indicated with arrows. Hysteresis is observed when a CV curve obtained during the 

back-sweep (accumulation to inversion) is shifted in parallel to the curve obtained 

during the front-sweep (inversion to accumulation). The exact capacitance at which 

hysteresis is measured is not important as long as the curves are in parallel in that 
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capacitance range. CV curves obtained during the front- and the back-sweeps are not 

parallel in any range for 0 min and 1 min oxidation samples impeding the determination 

of the hysteresis. For other samples with 3 min, 6 min, 10 min and 15 min oxidation 

hysteresis is around 0.3-0.4 V which corresponds to a negative oxide charge with a 

magnitude of 2.5-4 ∙1012 cm-2 (see Table 5.3 for exact values). The size of the hysteresis 

does not seem to be correlated to the oxidation time. 

   

   

   

   

Figure 5.4. CV (1st and 3rd rows) and QV (2nd and 4th rows) curves at various frequencies of samples 

fabricated employing 0-15 min oxidation. 
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Frequency dispersion is observed in the CV curves of each sample. It is the highest for 

the sample with no oxidation (capacitance measured in accumulation at 100 kHz is 23% 

lower than at 5 kHz) and decreases with longer oxidation times (accumulation 

capacitance decreases only 10% for 15 min oxidized sample). Very low quality factor of 

only 1-3 in accumulation for the sample with 0 min oxidation time is a reason for this as 

quality factor gets higher with oxidation time and reaches >20 for the sample with 

15 min oxidation time at 5-10 kHz frequencies. Furthermore, the samples with no or low 

oxidation time exhibit floating of CV curves at higher frequencies when curves at 

different frequencies do not lie on top of each other in depletion. This is an unwanted 

effect showing the low quality of the samples when they were exposed to not sufficient 

oxidation. 

 

Figure 5.5. CET versus oxidation time. 

CET is extracted from 5 kHz CV curves from 200 µm capacitors in accumulation at 

1.5 V. CET values are presented in Table 5.3. 5 kHz measurements are chosen due to the 

largest quality factor. However, accumulation capacitance does not scale well with area 

and thus the CET determination is not accurate. A capacitance in series is suspected to 

be responsible for the absence of capacitance scaling with area. Then by plotting 

accumulation capacitance values versus the area of the capacitors and fitting a curve the 

series resistance can be found. However, no capacitance value is obtained to achieve an 
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accurate fit. Therefore, the analysis is continued with the CET values obtained from 

200 µm capacitors. CET versus oxidation time is displayed in Figure 5.5. Saturating CET 

characteristics are observed as expected from the Deal-Grove oxidation model.  

 

Table 5.3. Calculated hysteresis, oxide charge density and CET from samples with different oxidation 

times. 

Oxidation time, min Hysteresis ΔVFB, V Oxide charge density, cm-2 CET, nm 

0 Not available Not available 1.70 

1 Not available Not available 1.93 

3 0.29 -2.97∙1012 2.11 

6 0.41 -3.97∙1012 2.23 

10 0.3 -2.86∙1012 2.26 

15 0.27 -2.47∙1012 2.36 

 

To obtain an estimate of the interface state density, theoretical CV curves that include 

interface trap influence are fitted to the measured curves (not shown here). The 

accuracy of the fits for 10-15 min oxidized samples is similar to the curves displayed in 

Figure 5.2, i. e. the measured and the theoretical curves lie on top of each other between 

mid-gap and accumulation. It is more difficult to find the fitting parameters that would 

place the theoretical curves on top of the measured ones for the samples that have been 

oxidized less than 10 min, and for 1 min oxidized and non-oxidized samples no such 

parameters are found. It can be deduced from the CV curves displayed in Figure 5.4 that 

the samples which are exposed to shorter oxidation times have more interface states 

because their CV characteristics are more stretched-out. This is further supported by the 

Dit versus the place in the bandgap plot (see Figure 5.6) where Dit is obtained from the 

fitted curves in the range where a theoretical curve is on top of the measured one. Since 

it is more difficult to achieve accurate fits for the samples exhibiting high Dit, it can be 

concluded that the details of the distribution are more influential for these samples, and 

the parabolic Dit distribution does not include them. However, theoretical curves still 

give an estimate of the interface state density which is useful while comparing samples 

and thus will be employed in this thesis work. 
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Figure 5.6. Dit distribution in the bandgap obtained from theoretical fits for samples that have been 

oxidized for 3-15 min. 

Dit can be estimated more accurately by using a conductance method. For this method a 

conductance versus frequency measurement has to be performed at low temperatures so 

that no inversion response would occur. The measurement is carried out at 150 K 

temperature but is not successful. A small parasitic series capacitance of around 50 pF 

has prevented the measurement causing all the measured capacitances in accumulation 

to scale to a similar value not depending on the area of the capacitor. This parasitic 

capacitance probably arises from a bad backside contact. Due to the failure of the 

measurement another method is needed to avoid the problems that might arise while 

using the backside contact. 

 

5.2.2 Implementation of front contacts 

 

A method of performing electrical measurements on MOS capacitors is proposed. A 

different mask is used during the lithography process to create not only MOS capacitors 

but also a large capacitor that would serve as a front contact. The layout of the mask is 

displayed in Figure 5.7 where red color marks the capacitor pads and green color marks 
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the openings. The mask has pads of different shapes such as squares, circles, stars, etc. 

All shapes in the same line have the same areas, which can be calculated from the given 

side lengths of the squares: 50 µm, 100 µm, 200 µm, 400 µm and 800 µm. The sample 

position (not to scale) within the mask is indicated in blue in Figure 5.7. On the left part 

of the sample capacitor pads are formed while on the right a large pad with openings. 

This pad serves as a front contact even though it is actually a large capacitor. It is 

possible to employ a large capacitor as a contact because if it is connected in series with 

a small capacitor, the measured capacitance becomes that of the small capacitor. 

Electrical characterization can be performed while probing the sample from the front, 

thus eliminating the impact of the imperfect backside contact and the series resistance it 

can cause, as well as enabling low temperature measurements without the use of the 

silver paste. 

 

Figure 5.7. Layout of the mask employed for front contacts. Courtesy of Katarina Smedfors, EKT, 

KTH. 

A new set of samples is fabricated employing the front contacts. However, fabrication 

process has to be repeated a few times due to an unsuccessful etching step. Therefore, a 

different etching method is proposed. 

 

 



55 

 

5.2.3 Dry etching vs. wet etching 

 

Dry etching is an established process that follows lithography when fabricating MOS 

capacitors. However, when working on pieces and not full wafers it poses serious 

problems. In order to be inserted into the dry etching tool a piece needs to be stuck on a 

wafer. This is done by using a double sided purple tape that is temperature conducting. 

When the wafer is inserted into the tool, plasma is created to etch a particular material. 

The recipe for the plasma is made by defining the flows of gasses, power, pressure, etc. 

While some of the recipes allow the user to choose etching time, the others rely on the 

endpoint system. The system works by detecting the change of the wavelength emitted 

by the etching plasma. The wavelength changes when the material is etched away. All 

this is optimized for a wafer scale etching. However, when a small piece is stuck on a 

wafer, the plasma around the piece is not the same as the plasma on the blank wafer. It 

is affected by the topography, surroundings of the piece, temperature of the piece (which 

might not be the same as the wafer due to the tape used), where the piece is and what 

materials are deposited on it. Thus the plasma changes around the piece and often 

unpredictably. Moreover, if only a few pieces are etched at the same time, the signal 

from the plasma is not enough to use the endpoint. A solution is to first deposit the 

same metal layer on the wafer and then stick the piece onto it, but due to the reasons 

mentioned above the plasma will still react differently with the piece in comparison to 

the wafer. The endpoint can then be detected too early or too late causing under-etch or 

over-etch. If the metal is under-etched, it can be detected with a probe station before 

resist removal and the etching can be continued. However, over-etch can cause damage 

beyond repair. Usually the etching stops when the oxide is reached as depicted in 

Figure 5.8a). When the sample is exposed to etching plasma too long, the oxide is etched 

through together with some of the underlying semiconductor forming a pillar as shown 

in Figure 5.8b). This happens very quickly because Ge is very sensitive to the etchants. 

For example, during one of the above mentioned unsuccessful etchings Ge was etched 

by 600-700 nm for some samples while for the other ones etched in the same run the 

oxide was not etched through. When a pillar is formed leakage occurs from the sides of 

it preventing any electrical characterization measurements. To conclude, dry etching of 
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the pieces is an unreliable and irreproducible process that can jeopardize the fabrication 

of the samples if the underlying oxide does not work as an etch stop. 

 

 

Figure 5.8. MOS capacitor after a successful etch (a) and after an over-etch (b) 

Wet etching, on the other hand, is very selective and the layers below the metal would 

not be etched even for prolonged etching duration. However, this method is not usually 

used because it is also isotropic. Thus the same amount of metal that is etched down to 

the oxide would be also etched on the side of the MOS capacitor’s pad reducing its size. 

It can be crucial when working with small dimensions. However, the smallest pad 

fabricated in this work is a square with a side of 50 µm which is much larger than the 

induced over-etch of around 3 µm. Nevertheless, the reduction of the area of the 

capacitor has to be taken into account when performing calculations. Therefore, the side 

length is measured after each etch to determine the exact area of the capacitors, yet for 

the simplicity for the reader the exact numbers will not be mentioned and only the 

original side length from the mask will be used in text. 

 

5.2.4 Front contact and wet etching: electrical characterization results 

 

The samples are reproduced employing a front contact as well as wet etching of the 

metal. CV and QV characteristics are obtained for MOS capacitors of 50 µm, 100 µm, 

200 µm and 400 µm side length by performing dual voltage sweep at 5 kHz, 10 kHz, 

50 kHz and 100 kHz frequencies. The characteristics for 100 µm capacitors exhibiting 

the lowest leakage are displayed in Figure 5.9. Hysteresis in the range of 0.5-0.6 V is 

observed for each sample except for the sample exposed to 6 min oxidation which 
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exhibits a higher hysteresis. The exact values of the hysteresis and corresponding oxide 

charge are presented in Table 5.4. 

 

   

   

   

   

Figure 5.9. CV (1st and 3rd rows) and QV (2nd and 4th rows) curves at various frequencies of samples 

fabricated employing 0-15 min oxidation, a front contact and wet etching. 
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Frequency dispersion is observed in the CV characteristics of every sample. It is the 

highest for the sample that underwent no oxidation (capacitance in accumulation is 11% 

lower for 100 kHz curve compared to 5kHz curve) while the others are affected less with 

around 5% difference in capacitance values between 100 kHz and 5 kHz curves. Overall, 

the frequency dispersion for this set of samples is smaller than for the previous one that 

employed a backside contact. The quality factor is also higher for all of the samples 

showing that a frontside capacitor contact allows better electrical characterization to be 

performed. 

 

Figure 5.10. Typical capacitance versus area plot. 

Capacitance measured in accumulation is scaling well with area as depicted in 

Figure 5.10, demonstrating superior electrical characterization capabilities for samples 

employing a front contact. It also allows extracting CET more precisely, as a linear fit of 

capacitance versus area plot can be performed yielding a capacitance density in 

accumulation value. A typical fit is presented in Figure 5.10. 
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Figure 5.11. CET and slope values for samples exposed to different oxidation times. 

CET is extracted from capacitance in accumulation versus area plots and displayed in 

Table 5.4 and Figure 5.11. No clear dependence on oxidation time is observed. Moreover, 

CET values are around 1 nm larger than the ones obtained from the samples with the 

backside contacts. Since only the contacts have changed, the large difference between 

the measured values could be explained by a more accurate measurement while using 

the front contact. On the other hand, the value obtained for the sample with no 

oxidation is larger than expected given the estimated thicknesses of the layers. The 

thickness of the Al2O3 barrier layer is around 0.47 nm while the electrical thickness 

should be around 0.2-0.3 nm assuming a dielectric constant of κ~6-9. The thickness of 

HfO2 is around 7.2 nm, which gives electrical thickness of 1.6-1.8 nm due to the κ value 

of 16-18. Therefore, the total CET should be 1.8-2.1 nm while the obtained value is 

2.9 nm. This as well as the lack of a clear dependence on the oxidation time can be 

explained by an accidental oxidation of the samples because they were unloaded from 

the vacuum chamber between the barrier and the high-κ layer deposition. As a result, 

future samples are kept in vacuum during all the oxide deposition steps as well as 

oxidation to prevent irregularities connected to exposure to air. 
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Figure 5.12. Dit distribution in the bandgap obtained from theoretical fits for samples that have been 

oxidized for 0-15 min 

Interface trap densities are estimated using theoretical fits obtained from equations 

(4.5), (4.9) and (4.12). Estimated Dit distribution in the bandgap is displayed in 

Figure 5.12. Dit values are around mid-1012 cm-2eV-1 and do not vary much between the 

samples except for non-oxidized sample which shows inferior characteristics. No 

correlation between the slope and the oxidation time is likely due to the influence of 

accidental oxidation in air, as mentioned before. 

 

Table 5.4. Calculated hysteresis, oxide charge density and CET from samples with different oxidation 

times. 

Oxidation time, min Hysteresis ΔVFB, V Oxide charge density, cm-2 CET, nm 

0 0.52 -3.87∙1012 2.9 

1 0.55 -4.08∙1012 2.91 

3 0.68 -5.28∙1012 2.78 

6 0.59 -4.17∙1012 3.05 

10 0.55 -3.99∙1012 2.97 

15 0.55 -3.70∙1012 3.21 
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Another difference is observed while comparing the samples employing a front contact 

with the samples employing a back contact. The former exhibit much higher leakage 

current which prevents performing measurements on large MOS capacitors. The 

leakage, however, does not scale with area and some of the smaller capacitors also leak 

too much for a measurement to be possible. Some particle contamination is suspected to 

be responsible for such a random behavior. As a result, an investigation of Ge substrate 

cleaning procedures is performed with the ambition to increase the yield of working 

capacitors. 

 

5.2.5 Cleaning of Ge substrate 

 

The effective cleaning routine for silicon involves chemicals like Piranha (H2SO4:H2O2), 

SC-1 (NH4OH:H2O2:H2O), SC-2 (HCl:H2O2: H2O) and HF to remove organic 

contaminants, metals and native oxide layer [52]. However, most of the solutions used 

in the cleaning steps include H2O2 and thus cannot be used for Ge because of high Ge 

etch rates [51]. This limits the choice of chemicals for germanium as well as the 

effectiveness of the cleaning that can be achieved. 

Two experiments are performed to identify which cleaning step can be improved. In the 

first one the influence of resist removal timing as well as HF concentration and dipping 

time is studied. In the second one a possible metal particle contamination is investigated 

as well as possible HCl superiority over HF in removing native germanium oxide layer. 

 

5.2.5.1 Influence of HF concentration and resist removal timing 

 

In this experiment three possible causes of leakage are investigated. First, whether the 

photoresist is removed from the surface just before the native oxide cleaning step or a 

few days before can influence the level of organic contamination, since acetone, which is 

used to clean the photoresist, also removes other organics. Secondly, native germanium 

oxide has poor quality and if not fully removed it could increase the leakage current. 

Therefore, two different concentrations of HF and two different cleaning durations are 
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investigated. Finally, a poor interfacial layer between germanium and the oxide might 

also influence the leakage. As a result, two batches of samples are prepared. The samples 

from the first batch are exposed to 15min oxidation to ensure superior interface quality 

over the second batch where the samples are not oxidized. The experimental matrix 

specifying the cleaning and the resist removal for each sample is presented in Table 5.5. 

 

Table 5.5. Resist removal timing and HF cleaning of each sample. 

Sample Resist removal timing Cleaning 

S1 
Days ago Propanol + 1 min 1% HF and 1 min DIW (×3) 

S2 

S3 
Days ago Propanol + 5 min 5% HF and 5 min DIW 

S4 

S5 
The same day Propanol + 1 min 1% HF and 1 min DIW (×3) 

S6 

S7 
The same day Propanol + 5 min 5% HF and 5 min DIW 

S8 

S9 
Days ago Propanol and DIW 

S0 

 

Samples S1-S4 and S9-S0 have the photoresist removed a few days before the processing 

while it is removed just before the cleaning from samples S5-S8. All samples are cleaned 

with additional propanol just before the HF clean. Samples S1-S2 and S3-S4 are cleaned 

with cycling 1% HF clean while samples S3-S4 and S7-S8 are dipped in 5% HF and DIW 

for 5 min each. No acid cleaning is performed on S9-S0. Two samples are taken for each 

parameter combination to ensure that the results from the leakage measurements are 

not accidental but consistent between samples that are cleaned in the same way. 

Electrical characterization results of both sets of samples (exposed to 15 min oxidation 

and not exposed to oxidation) are presented in Table 5.6. Most of the samples exposed 

to oxidation exhibit similar leakage current density values around 1 mA/cm2 except for 

one of the samples that did not undergo HF clean (S9). The leakage current is not 

scaling very accurately with area, thus the leakage current density values are determined 

only approximately. Even though the leakage current density seems quite small in terms 

of ITRS requirements, it prevents measuring larger than 200 µm capacitors for most 
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cases since larger capacitors start breaking. Unfortunately, no correlation between the 

leakage current and cleaning method can be identified. Moreover, capacitance in 

accumulation values and corresponding CET values are also quite similar and no clear 

pattern is observed. 

 

Table 5.6. Leakage current density Jleak, side length of the largest measurable capacitor amax, 

capacitance in accumulation Cacc and capacitance equivalent thickness CET of the samples cleaned 

with different methods and exposed to oxidation (Batch 1) and not (Batch 2). 

Sample 

Batch 1 – 15 min oxidation Batch 2 – 0 min oxidation 

Jleak, 

mA/cm2 
amax, µm 

Cacc, 

µF/cm2 
CET, nm 

Jleak, 

mA/cm2 
amax, µm 

Cacc, 

µF/cm2 
CET, nm 

S1 1.29 200 1.29 2.67 1.23 400 1.71 2.02 

S2 0.54 200 1.27 2.71 40.41 50 1.71 2.02 

S3 0.30 200 1.28 2.69 12.33 50 1.83 1.89 

S4 1.38 200 1.36 2.54 12.19 50 1.79 1.93 

S5 2.42 200 1.35 2.55 0.70 400 1.7 2.03 

S6 0.80 200 1.34 2.57 0.07 400 1.67 2.06 

S7 0.56 400 1.33 2.6 0.36 200 1.72 1.99 

S8 0.52 200 1.21 2.86 1.01 200 1.72 2.01 

S9 10.38 100 1.47 2.35 1.12 100 1.82 1.9 

S0 0.72 200 1.25 2.77 1.02 100 1.78 1.94 

 

On the other hand, most of the samples that are not exposed to oxidation exhibit poor 

leakage characteristics when photoresist is removed a few days before the cleaning 

procedure. Only the smallest 50 µm capacitors from these samples can be measured. 

Nevertheless, when the photoresist is removed just before the cleaning of the samples, 

they exhibit leakage characteristics similar to the ones that are oxidized and larger 

capacitors can be characterized as well due to leakage current of around 1 mA/cm2. The 

CET values of the samples from Batch 2 are consistently around 2 nm despite the 

cleaning method. It is a reasonable value as determined in section 5.2.4.  

Finally, samples that are not oxidized have a larger spread of the largest measurable 

capacitor size. Therefore, the low quality interfacial layer can be partly responsible for 

poor leakage characteristics. However, even when large capacitors exhibit low leakage, 
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some of the smaller ones have very large leakage current and the position of these 

capacitors within the sample seems random. Therefore, there is another reason behind 

high leakage. A metal particle might be randomly deposited on smaller capacitors and 

cause the leakage. Since there is no established method for removing metal 

contaminants from germanium, another experiment is proposed to look for a solution. 

 

5.2.5.2 Influence of pre-clean oxidation and comparison of HF and HCl 

 

As mentioned before, Ge has no established metal contamination removal method. 

Therefore, oxygen plasma is proposed as a cleaning step to remove metal particles. 

Oxygen plasma is usually used to strip photoresist. If instead of acetone samples were 

exposed to oxygen plasma during the resist removal, a layer of oxide would be grown on 

the substrate and metal particles would flush out to the surface of the oxide. Then 

during the removal of the native oxide, metal contaminants would be flushed away as 

the oxide is etched. Moreover, literature shows that HF is not able to remove 

germanium sub-oxides completely and HCl is proposed instead [51]. Therefore, some 

samples are dipped into HCl instead of HF to investigate if that would make a 

difference. The experimental matrix concerning these cleaning steps is presented in 

Table 5.7. 

 

Table 5.7. Resist removal and acid cleaning of each sample. 

Sample Resist removal Cleaning 

S1 Oxygen plasma 5 min acetone + 5 min propanol + 5 min 5% HF + 5 min DIW 

S2 Oxygen plasma 5 min acetone + 5 min propanol + 5 min 5% HCl + 5 min DIW 

S3 Acetone 5 min propanol + 5 min 5% HF + 5 min DIW 

S4 Acetone 5 min propanol + 5 min 5% HCl + 5 min DIW 

Si - Piranha + 20 s 1% HF 

 

Photoresist is removed from the samples either by oxygen plasma or by acetone to 

identify the difference between the two methods. The samples exposed to oxygen plasma 

are additionally cleaned with acetone and propanol to ensure that all organics would be 
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removed. Native oxide from samples S1 and S3 is removed using HF while HCl is used 

for samples S2 and S4. Moreover, a silicon sample is processed during the same run to 

investigate how much the substrate itself influences the gate stack. All samples are 

fabricated employing 15 min ozone oxidation. 

 

Table 5.8. Leakage current density Jleak, side length of the largest measurable capacitor amax, 

hysteresis ΔVFB, capacitance in accumulation Cacc, capacitance equivalent thickness and CET for the 

samples with different resist removal and cleaning procedures. 

Sample Jleak, mA/cm2 amax, µm ΔVFB, V Oxide charge density, cm-2 Cacc, µF/cm2 CET, nm 

S1 1.16 400 0.43 -3.36∙1012 1.25 2.76 

S2 0.99 400 0.75 -5.99∙1012 1.28 2.70 

S3 0.33 400 0.38 -3.12∙1012 1.31 2.63 

S4 1.61 400 0.50 -4.05∙1012 1.30 2.66 

Si 0.0029 800 0.07 5.68∙1011 1.30 2.66 

 

Electrical characterization results are displayed in Table 5.8. The leakage current 

density is low (around 1 mA/cm2) for all Ge samples despite the cleaning or the resist 

removal method. Moreover, the largest measurable capacitor size is 400 µm which gives 

enough samples to measure for an accurate characterization. However, Si sample 

exhibits 2-3 orders of magnitude lower leakage current density while employing the 

same gate stack which is surprising and suggests that the substrate material itself is 

responsible for the leakage. Furthermore, Ge samples exhibit around 10 times higher 

hysteresis than the Si sample. Hence, there is higher oxide charge density in the oxide 

deposited on Ge than on Si (see Table 5.8 for exact numbers). These charges might be 

present in GeO2 which is not present on the Si sample. On the other hand, Ge presents 

as a different matrix for ALD deposition compared to Si. It can alter the deposition of 

the oxides causing some defects that can charge and discharge during the voltage sweep 

causing a hysteresis. Moreover, Al2O3 is known to have defects which reside close to 

conductance band of Ge [64]. These defects might have a higher effect on Ge than Si due 

to the difference in the band structure. GeO2 has a conduction band offset to Ge of 

1.73 eV [65] while the conduction band offset of SiO2 to Si is 3.2 eV. Therefore, due to 

small band offset of GeO2 to Ge there is likely to be a communication between the 
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electrons in Ge and the defects in Al2O3 while this communication should be lower in Si. 

Defects which are either present in Al2O3 or other oxide layers can be responsible for 

much higher leakage current compared to Si because the electrons might tunnel through 

the states in the oxide. 

The accumulation capacitance values as well as extracted CETs are very similar for all 

the samples including Si. This infers that the thicknesses of the layers deposited are the 

same for both materials and should not affect the leakage. Moreover, the values 

extracted for Ge are reasonable calculating that around 1.8-2.1 nm electrical thickness 

comes from Al2O3 and HfO2 as described in section 5.2.4 while the rest is due to 

oxidation.  

 

In conclusion, no significant difference is observed between the aforementioned 

cleaning and resist removal methods. Therefore, the further experiments are continued 

by removing the photoresist using acetone and the native oxide using HF as before. 

However, some adjustments are made to be safe. The photoresist is removed just before 

the cleaning of the sample and HF concentration is increased to 5%. 

 

5.2.6 Final batch: electrical characterization results, reproducibility problems 

and comparison to literature 

 

A final set of samples is fabricated employing 5% HF clean and resist stripping just 

before the removal of the native oxide. The samples are loaded into the ALD chamber 

immediately after the cleaning procedure is done and kept in vacuum during the whole 

gate stack deposition. Two samples with each parameter combination displayed in 

Table 5.2 are fabricated. 

CV characteristics obtained by sweeping DC voltage from inversion (negative voltages) 

to accumulation (positive voltages) and back are displayed in Figure 5.13. Three 

capacitors of each size (a square with the side of 50 µm, 100 µm, 200 µm or 400 µm) are 

measured at 5 kHz, 10 kHz, 50 kHz and 100 kHz frequencies, yet only the results from a 

100 µm capacitor exhibiting the lowest leakage characteristics are displayed for 

simplicity. Hysteresis is calculated for these samples and displayed in Table 5.9 together 
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with corresponding oxide charge density. Oxide charge density values are in the range of 

mid-1012 cm-2 and do not seem to depend of the oxidation duration suggesting that the 

reason for the hysteresis is not defects in bulk GeO2 because then a thicker oxide layer 

would produce more states and thus a higher hysteresis. 

 

   

   

   

   
Figure 5.13. CV characteristics obtained from a set of samples with 0-15 min oxidation time. 
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Frequency dispersion is observed in CV curves for all the samples. However, it is highest 

for the samples that are not exposed to oxidation (accumulation capacitance value is 

reduced by 12-13% for 100 kHz in comparison to 5 kHz) and is reduced for oxidized 

samples (100 kHz accumulation capacitance is 7-9% lower than 5 kHz). Moreover, the 

former samples exhibit much lower quality factor (not presented here) as well as parallel 

shift of the CV curves with varying frequency. Lower quality factor can explain the 

higher frequency dispersion and can be partly responsible for the parallel shift. Another 

reason for the shift can be different interface state density response to the frequencies 

that would cause a change in the interface state capacitance. This capacitance is in 

parallel to the depletion capacitance and is expected to have a large value due to the low 

interface quality of the non-oxidized samples. Therefore, interface state response to the 

frequencies would have a larger significance for these samples than for the ones that are 

oxidized, and could cause a shift in the CV curves. 

Leakage current density values are displayed in Table 5.9. They are in the order of 

0.1-1 mA/cm2. No correlation can be identified between the leakage current and 

oxidation time or any other parameters.  

CET values are extracted from the accumulation capacitance values in the following way. 

Capacitance is measured in accumulation for three different capacitors of each size. 

Then all the values are plotted against the area of the capacitors. A linear fit is made, 

and from the slope of the line, the capacitance density in accumulation is found. Then 

using equation (2.8) CET is calculated. CET values are displayed in Table 5.9 and 

plotted against oxidation time in Figure 5.14. Two values are plotted for each oxidation 

time because two samples are made. Higher oxidation gives higher CET as expected 

because a GeO2 layer is grown at the interface. However, from the obtained data it is not 

clear if germanium oxide growth saturates with increased oxidation time.  
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Figure 5.14. CET versus oxidation time for samples oxidized for 0-15 min. 

CET has a spread within the samples exposed to the same oxidation time. Moreover, 

CET values extracted from the samples that are oxidized for 15 min are around 0.4 nm 

higher than of the samples fabricated during the previous experiment described in 

section 5.2.5.2 although the same gate stack is employed for both fabrication processes. 

There are two factors that could explain this irreproducibility. First, the uniformity of 

HfO2 layer might be low. This is the thickest oxide layer in the gate stack and thus 

influences the electrical thickness the most. The uniformity and the thickness of HfO2 

layer is measured during two runs that are several days apart. During both runs the 

uniformity is around 3% and the average thickness varies only slightly between runs. 

Therefore, HfO2 is not the factor that influences the CET value change. The second 

factor is the irreproducibility of the combination of the barrier thickness and the 

oxidation time. If the barrier is thicker the oxide grows slower and vice versa. 

Consequently, a short oxidation through a thin barrier might grow the same amount of 

oxide as a long oxidation through a thick barrier. Moreover, if the oxidation itself is non-

uniform, the irreproducibility is large even within the same run. Unfortunately, both the 

barrier layer and the oxide layer formed during oxidation are too thin to be measured 

accurately by ellipsometry. Therefore, it remains unclear which of the two has a larger 

influence. It is likely that some sort of a combination of the barrier layer thickness and 
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the oxidation non-uniformity is responsible for the irreproducibility, and TEM images 

could give a better idea of it. 

 

Table 5.9. Calculated hysteresis, oxide charge density, leakage and CET from samples with different 

oxidation times. 

Oxidation time, min Hysteresis ΔVFB, V Oxide charge density, cm-2 Leakage Jleak, mA/cm2 CET, nm 

0 
0.37 -3.50∙1012 0.83 2.28 

0.51 -4.82∙1012 3.05 2.28 

1 
0.48 -3.94∙1012 2.50 2.63 

0.50 -4.21∙1012 1.50 2.56 

3 
0.51 -4.14∙1012 2.60 2.66 

0.64 -5.02∙1012 2.84 2.75 

6 
0.55 -4.30∙1012 0.50 2.76 

0.57 -4.54∙1012 1.14 2.71 

10 
0.58 -4.24∙1012 0.15 2.95 

0.53 -3.72∙1012 0.17 3.07 

15 
0.64 -4.48∙1012 0.49 3.08 

0.56 -3.96∙1012 0.34 3.05 

 

Interface trap density values are estimated by fitting theoretical CV curves that assume 

parabolic Dit distribution within the bandgap to the measured curves. Interface trap 

density is plotted against a place in the bandgap in Figure 5.15. Only the points where 

the fit is accurate are displayed. The sample that is not exposed to oxidation exhibits 

very high Dit values in the range of low- to mid-1013 cm-2eV-1. Even a short oxidation 

improves Dit as can be concluded from Figure 5.15 where 1 min oxidized sample (red 

markers) exhibit Dit values in the range of mid- to high-1012 cm-2eV-1. The best result is 

achieved for 15 min oxidized sample (cyan markers) with interface state density in the 

range of low- to mid-1012 cm-2eV-1. Interface state density is determined only in the 

conduction band edge and thus is meaningful for n-MOS technology. Then for a scaled 

(1 nm EOT) FD device this would correspond to ~70 mV/dec sub-threshold slope while 

for a highly-doped (1018 cm-3) device the corresponding SS would be around 80 mV/dec. 

For devices of 3 nm EOT which is similar to CET obtained in this work the 

sub-threshold slope would be ~90 mV/dec and ~115 mV/dec for a FD and 1018 cm-3 
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doped devices respectively. Similar values would be obtained for p-MOS technology 

assuming a symmetrical Dit distribution. 

 

Figure 5.15. Dit distribution in the bandgap for the samples that have been oxidized 0-15 min. 

To obtain more accurate values of interface state density a low temperature (80 K) 

conductance measurement is performed. The measurement is carried out as described 

in Chapter 4, and after corrections due to series resistance and equivalent circuit are 

made, Dit values versus the gate voltage are extracted. The place in the bandgap 

corresponding to the measured gate voltage is determined in the following way. A low 

temperature theoretical CV curve is fitted to the measured low temperature CV curve. 

The theoretical curve does not include the Dit distribution since no accurate fit is 

obtained in low temperature. Surface potential values corresponding to particular gate 

voltages are extracted from the theoretical curves and recalculated into the place in the 

bandgap values. The measurements are performed on one of the capacitors in each of 

the samples. Moreover, sample S3 from section 5.2.5.2 is also measured to determine 

the Dit reproducibility between two runs. The best results are obtained from 15 min 

oxidized capacitors and are presented in Figure 5.16. 
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Figure 5.16. Dit distribution for two MOS capacitors with CET~2.6 nm (black) and CET~3.1 nm (red) 

in comparison with results from other groups. Circular markers present simulated distribution 

while square markers present measured values. 

Interface trap density distribution for two 15 min oxidized capacitors is displayed in 

Figure 5.16. Data from sample S3 from section 5.2.5.2 is displayed in black while data 

from 15 min oxidized sample from the last batch is depicted in red. Dit values obtained 

from the fitted theoretical curves are presented in circles and measured values acquired 

from low temperature conductance measurement are depicted in squares. Both of the 

samples are fabricated using the same oxidation parameters, however, Dit values slightly 

differ. This is most likely due to the irreproducibility of the oxidation and the barrier 

layer discussed earlier.  

Dit values from this work are compared to three groups: Si-cap process [10] (blue 

markers), high-pressure oxidation [8] (green markers) and oxidation through a barrier 

layer [44] (magenta markers). The results achieved employing Si-cap process are 

inferior to the ones obtained in this thesis work. High pressure oxidation, on the other 

hand, can provide much better interface quality, although for much higher oxide 

thickness (EOT~15 nm compared to CET~2.6-3.1 nm in this work). Finally, the best 

results are achieved using oxidation through a barrier layer process. This process is very 

similar to the one employed in this thesis work, except that ECR plasma is used for 
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oxidation instead of ozone. High quality results achieved by this group suggest that 

improvements can be made in the process employed in this thesis work to achieve low 

interface state density. 
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6 Conclusions and future work 

An in-situ ozone oxidation through an Al2O3 barrier layer has been employed for 

Ge/high-κ MOS capacitor fabrication to achieve a high quality semiconductor/oxide 

interface. Barrier thickness and ozone generator power combinations have been 

investigated and it was shown that higher power oxidation through a thin barrier is 

needed to achieve lower interface state density for the same CET. Moreover, interface 

quality dependence on oxidation time has been examined. It was demonstrated that 

longer oxidation results in a thicker GeO2 layer that passivates the Ge surface better. The 

best result was achieved for 15 min oxidation at 350°C and employing 90% ozone 

generator power, although its reproducibility can be improved. Interface state density of 

these MOS capacitors was in the range of low- to mid-1012 cm-2eV-2. Interface state 

density in this range is superior to the results reported by groups that employ Si-cap 

process. However, the fabrication process has to be improved to obtain interface quality 

similar to Takagi group that employ similar surface passivation technique. 

A variety of experiments can be suggested to continue to investigate the influence of the 

oxidation. ECR oxygen plasma employed by Takagi group is more reactive than ozone 

which might result in better interface quality. Thus more reactive oxidizers such as 

ozone plasma can be investigated. Moreover, a more extensive analysis on barrier 

thickness can be performed, including oxidation without a barrier. Oxidation through a 

barrier is usually chosen because the barrier prevents unnecessary thick oxide growth. 

However, at low temperature of 350°C a barrier might not be necessary, although this 

needs to be investigated further. The Al2O3 layer also works as a barrier that prevents 

GeO2 and HfO2 intermixing. Therefore, if the barrier is not employed during oxidation, 

it has to be deposited before high-κ deposition. To avoid changing the chamber 

temperature for the barrier deposition, SiO2 can be attempted as a barrier layer because 

of its deposition temperature of 350°C. Moreover, employing a different barrier than 

Al2O3 is likely to reduce the oxide charge density as Al2O3 might be the source of it. 

Furthermore, the irreproducibility of the results can be investigated by exploring 

interface state density and CET irregularities on the wafer scale, as well as employing 

TEM images. 
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It was also demonstrated that Ge-based MOS capacitors exhibit higher leakage current 

and hysteresis compared to Si-based MOS capacitors that employ the same gate stack. 

To explain this difference more experiments have to be conducted. The source of the 

hysteresis can be found by changing the thickness of the layers in the gate stack and 

investigating the change in the hysteresis. Furthermore, the hysteresis can be examined 

in connection to the leakage current because trap states in the oxide are likely to be the 

cause of the leakage. 
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